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Abstract:

Detectors that will be used for planetary missions must have their responses
calibrated in a reproducible manner. In addition, it is important to characterize a detector
system at uneven portions of its life cycle, for example after exposure to different
amounts of radiation. A calibration and response characterization. facility has been
constructed at Schlumberger-Doll Research for all types of gamma- and x-ray detectors
that may be used for planetary measurement. This facility is currently being tested.
Initial use is expected for the MARS 94 detectors. The facility will then also be available
for calibrating other detectors as well as arrays of detectors such as the NEAR detector
with its central Nal(Tl) crystal surrounded with a large BGO crystal.

Cadmium telluride detector are investigated for applications in space explorations.

These detectors show an energy resolution of 5 keV for the 122 keV >’Co line. Earlier
reported polarization effects are not observed. The detectors can be used at temperatures
up to 100° C, although with reduced energy resolution. The thickness of standard detectors
is limited to 2 mm. These detectors become fully efficient at bias voltages above 200 V.
Initial results for a 1 cm thick detector show that the quality of the material is inferior to
the thinner standard detectors and hole trapping affects the pulse height. A detailed
characterization of the detector is in progress.

Prototypes of photomultipliers based on a Channel Electron Multiplier (CEM) are
being built to study their performance. Such photomultipliers promise better timing
characteristics and a higher dynamic range while being more compact and of lower in
weight.
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Introduction

During the first year of this program, a number of different studies have been initiated. In
all cases, they are focused on the fundamentals of detector properties, physics of planetary
spectroscopic measurements, and the improvements that can be obtained with the use of a
neutron generator on a planetary surface, all for improving the determination of elemental
concentrations that can be related to the lithological constituents of the body under study. While
a number of small efforts have also been made, e.g. study of detector properties at 150 K for a
possible comet penetrator with W. Boynton - U. of Arizona, the primary studies in this time
period have been on obtaining a better understanding of the scintillation mechanisms in the
cerium-doped rare-earth oxyorthosilicates to better be able to predict their performance for
different planetary missions, a better determination of the spectroscopic potential for
measurements made with a neutron generator, a detector calibration and response
characterization facility, and a study of a Fourier transform technique for including the
Compton background in the analysis of an elemental response with a germanium detector, such
as was planned for Mars Observer. In addition, a survey of all known scintillators has been
initiated with a goal of determining optimum combinations of scintillator and photon converters
to obtain the best possible detector system for particular planetary measurement requirements.
Samples of some scintillators are available to identify and evaluate the best scintillator -
photoconverter combination. A new photoconverter, a much more compact photomultiplier tube,
has already been developed and implemented for the NEAR detector. Another novel
photoconverter concept, a photomultiplier based on a Channel Electron Multiplier, is under
investigation. First prototypes are now available for evaluation. A study is being undertaken to
combine the best features of a Schiumberger and a GSFC high voltage system to obtain a new
design that satisfies the requirements for high voltage generation for both neutron and X-ray
generators. A study has been initiated to better understand the potential capability and use for a
smaller, more compact, lower power version of the neutron generator for compatibility with a
rover system for planetary measurements and the potential use of a larger volume CdTe detector
than has been previously used has been studied.

The portion of this work that was completed for the six month report is incorporated in this

report in Appendix 1. We will not repeat the relevant portions of that report here and will
refer to the previously reported work by reference to that appendix.

Detector Calibration and Respohse Characterization Facility

Detectors that will be used for planetary missions must have their responses calibrated in
a reproducible manner, so that the information obtained during the mission can be better
analyzed. In addition, it is important to characterize a detector system at uneven portions of its
life cycle, for example after exposure to different amounts of radiation. The change in a
detectors response can be well-determined in the laboratory, if an invariant reproducible
facility exists that is unaltered over time. In addition, it is important that the facility is
sufficiently flexible to permit the detector system to have its response to different stimuli, i.e.
gamma rays of widely differing energies from different elemental sources, well characterized.
This permits a critical experimental determination of spectral response to an elemental source
and is a necessary component for the analysis of the data obtained on the mission. Such

3



measurements can also be used to benchmark Monte Carlo calculations that may be necessary to
obtain final detector responses, either from an unplanned alteration in the detector response
after launch or because of an inability to exactly simulate the planetary measurement
environment in the laboratory.

The basic design for the calibration facility was presented earlier (Appendix 1). Initial
tests were performed to validate the capability of the facility to obtain low noise spectra and to
evaluate the time that would be needed to obtain sufficiently good spectra to determine a detector
response to sufficiently good statistical precision. The basic operational nature of the
calibration facility is filled with a quartz sand. This configuration provides capture gamma rays
from silicon and hydrogen. A capture gamma-ray spectrum obtained in the calibration facility
using the pulsed neutron generator and a 96% germanium detector is shown in Figure 1. The
sand had a few kilograms of iron added to provide additional peaks in the spectrum. The clear
peaks from hydrogen (2.2 MeV), silicon (3.5 and 4.9 MeV), and the iron peaks at 7.6 MeV.
Inelastic gamma rays from oxygen are also provided to obtain peak gamma ray energies that
span the energy range of interest. To provide additional responses, containers with specific
elements (e.g., chromium) are buried in the sand at an appropriate location to add the desired
gamma ray peaks to the spectrum. In this way, essentially arbitrary gamma-ray energies can
be provided. Initial use of the facility will be to calibrate the radiation damaged MARS 94
germanium detector. The facility will then also be available for calibrating other detectors as
well as arrays of detectors such as the NEAR detector with its central Nal(Tl) crystal
surrounded with a large BGO crystal.

The Scintillation Mechanisms in Cerium-Doped Rare-Earth

Oxyorthosilicates

The cerium-doped rare-earth oxyorthosilicates are an interesting, recently discovered
family of single crystal scintillators that have many useful properties as gamma-ray detectors.
There are currently three established members of this family, a relatively light one based on

yttrium, YsS0,! and heavy ones based on gadolinium, GS0,2 and lutetium, LSO.3 All of these
materials have relatively fast scintillation decays allowing high count rate capabilities without
dead time and pile up corrections and appear to be at least reasonably resistant to radiation
damage. However, the scintillation properties of these materials are not known. A further
complication is that these materials have two different crystal structures. To make optimum use
of such materials as possible detectors for planetary measurements, it is important to
understand the scintillation mechanism of these materials to reliably predict their performance
during the actual measurements.

The first of the cerium-doped rare-earth oxyorthosilicates to be used as a gamma-ray
detector, GSO, has been extensively studied at Hitachi Chemical Company, the inventors of the
material, and by us at Schiumberger-Doll Research, and at the National Synchrotron Light
Source at Brookhaven National Laboratory, in collaboration with a group at California Institute
of Technology. Through this effort, we have established a model that describes the scintillation
properties of GSO. When gamma rays are incident on a GSO crystal, most of the energy is
absorbed by the gadolinium. The energy then migrates through the gadolinium sub-lattice until
it can be transferred to a cerium ion. The excited cerium atom then decays by emitting light
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from the 5d to 4f transition. It is the resonant energy transfer between the gadolinium and the
cerium that provides the two decay components seen in the light emission, and the dependence of
the decay components as a function of cerium concentration is due to the migration of the energy
through the gadolinium sub-lattice that results in the variation of the two decay components
with cerium concentration (see Appendix 2). Work is continuing to better understand LSO, the
heaviest of this type of detector, and potentially the best for measurements at temperatures
below 300 K. A sample of GSO was irradiated and the detector characteristics were essentially
unchanged. We expect to begin radiation studies on LSO in the next few months. A sample of LSO
is being flown on the current Shuttle launch (August 1994) to experimentally confirm its
worthiness for planetary measurements in space. Results of this test will be reported in the
coming year.

Elemental Concentrations Determined With a Neutron Generator
and a Gamma-Ray Detector

The previous report (Appendix 1) presented studies of the use of a current technology
neutron generator system for elemental concentration determination on a planetary surface
(Venus). The potential use of this system with a Venera spacecraft was deemed to be completely
satisfactory. Recent emphasis has focused on the desire for lighter payload missions, where even
the relatively small weight and power requirements of the neutron generator may be too large.
This is especially true for the case of a rover-based measurement. Thus, a concept has been
proposed in which the size, weight, and power requirements of the current neutron generator
system would be substantially reduced. This miniature system would, of course, have a much
reduced neutron output. However, it is believed that one to two orders of magnitude more
neutrons can be produced than are produced by the ambient cosmic-ray flux. Thus, such a
miniature system could still significantly enhance elemental concentration measurement
capability on planetary surfaces.

Fourier Transform Analysis of Germanium Spectra

A study was completed (with J. Arnold and A. Thakur - UC San Diego) to test the spectral
analysis approach that was to be taken with the germanium detector spectra from Mars

Observer,4) a peak fitting program (GANYMED) and a Fourier transform analysis of the

continuum. The study used data obtained with a Ge detector® in the German Continental Deep
Drilling Project (KTB). The results have been accepted for publication (Appendix 3). We hope
to compare these results with those obtained from a spline approach that has also been used to
include the information in the Compton scattering response from a gamma-ray peak in the
future.
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Te Detectors for Space Application

The potential of cadmium telluride (CdTe) as nuclear detectors was recognized more than
25 years ago. The high atomic number and the large density promised to revolutionize the
development of X- and y-ray detectors. The fabrication of good spectroscopic detectors,
however, turned out to be more difficult than expected. Usable detectors became available, but
initially detectors were plagued by defects in their performance. One such defect was a
polarization effect resulting in a decrease of pulse height and count rate over time.

The CdTe technology developed only slowly. The polarization effects were eliminated, the
carrier lifetime was increased, and good detectors became commercially available. CdTe is now
used in a growing number of applications. Many of these applications involve small handheld
radiation monitors, taking direct advantage of the volume and weight of CdTe detector systems.

Together with Hgl, and the more recent Cd(1 _X)ZnXTe, or CZT, cadmium telluride remains

the only material sufficiently advanced in its development to be considered for practical detector
applications. Surveys of the list of all possible materials revealed that no other material
promised to be significantly better suited to justify the enormous research effort required for
its development as nuclear detectors. Hgl, shows several severe drawbacks for many
applications, especially the irreversible phase change at 127° C which reduces its usefulness
when high temperature may be encountered during operation or storage.

CZT was strongly affected by hole trapping. The recent availability of high purity starting
materials, especially zinc, provided better detectors, but reliable measurements of the hole
trapping time are not yet available. A fast trapping of the holes renders CZT detectors inefficient
in spectroscopic applications, since the holes can not travel the full thickness of a standard 2
mm detector. The pulse height becomes position dependent. Several institutions are presently
testing the new CZT detectors.

CdTe detectors of good quality are commercially available.® The volume of the available
crystals of spectrometer grade is limited to a fraction of a cubic centimeter, but the properties
of the material, including high Z, high density, and 'room temperature' operation, make the
available standard detectors a valuable alternative for many systems. The best energy resolution

of these detector is about 4 - 5 keV for the 122 keV 37Co line. Although not at the level of
germanium detectors, the resolution is better than scintillators. For interplanetary space
missions the resolution of Ge detectors is frequently reduced due to radiation damage and
temperature cycling, especially during launch of the vehicle.

For space applications CdTe offers the following advantages:

- High average Z of 50 and high density (6.06 g/cm3) .

- Room temperature operation. Higher temperatures up to 100° C were repeatedly
tested. The leakage current at elevated temperatures is increased, and the energy
resolution is reduced. No damage to the detectors, however, was observed.

- Temperatures well above 100° C can be supported when the detector is not
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operated, e.g. during launch.

- Good energy resolution of 4 - 5 keV for the 122 keV °7Co line. The energy
resolution is reduced to 35 keV at 100° C. A better resolution is expected for lower
temperatures, but were not tested yet during this study.

- Fully efficient spectroscopic detectors are readily available up to a thickness of 2
mm when operated with bias voltages above 200 V and amplifier shaping times
above 2 psec.

- Small dead volume around contacts. Thickness of contacts about 1000 A.

- Small volume and weight for the complete assembly. No cryogenics, low voltages
(200 V), no optical coupling to photomultipliers.

- Simple arrangement of many detectors in arrays.

The properties of standard 5 x 5 x 2 mm3 CdTe detectors were evaluated in a study presented in
appendix 4. In addition to the above mentioned properties, also the stability and the rate
capability were measured. Of special interest for space applications are the characteristics at
low temperatures down to -120° C. These tests have not yet been performed since the required
equipment was not readily available. The investigations in the temperature range from -100° C
to room temperature are planned to start soon.

The results of the present study indicate that CdTe is well suited for space applications. This
conclusion is confirmed by the planned use of CdTe detectors in space missions. An European

group is working on a array of 15,000 triangular detectors.’

Large Volume CdTe Detectors

During the evaluation of standard 2 mm thick detectors, the pulse shapes were recorded.
The pulse shapes for various depths of interaction within the detector volume are reproduced in
the fig. 2. These pulse shapes were acquired at a bias voltage of 200 V, corresponding to a field
strength of 1 kv/cm. The first pulse shape stems from an event which occurred very close to the
cathode. The slow holes have only a short distance to travel. The electrons drift the full 2 mm
and determine the rise time. For the remaining plots the events take place progressively farther
away from the cathode. A clear break in the leading edge of the pulse can be observed once all the
electrons reached the anode and only holes are still drifting with their reduced velocity. In the
last plot the y-ray interacts near the anode, and the rise time of the observed pulse is equal to
the transit time of the holes. It is interesting that the charge pulse generated by the holes is
rising linearly even for the longest drift time in the last pulse. The amount of hole trapping
must be minimal. This result suggests that the use of much thicker detectors might be possible.

A 10 x 10 x 10 mm3 detector was acquired to verify its performance. This detector is not a



standard item, and it was specially prepared for this study by Eurorad.8

The 10 mm thick detector shows an energy resolution of 11.75 keV FWHM for the 122 keV

37Co line and 9.01 keV FWHM for the 60 keV 24'Am line. These values were determined with a
bias voltage of 400 V. The loss in efficiency due to the small drift field is difficult to observe
with this low energy radiation. Therefore, single pulse shapes were studied, similar to the
evaluation of the standard detectors.

The bias voltage on the detector was increased to 1000 V in order to match the 1 kV/cm
field strength of the earlier measurements. The initial fast rise is observed as expected with a
maximum rise time of 1 usec. This corresponds to the five times greater thickness. Special
interest has been paid to the events with long hole drift. From the earlier results a maximum
rise of 10 - 12 usec is expected. Long hole signals are observed, but they do not rise linearly as
expected. The signal is rounded and smoothly continues into the decay caused by the integrating
constant (about 100 usec) of the preamplifier. This observation is consistent with hole
trapping which is much stronger than expected from the 2 mm detectors.

There are two explanation for the discrepancies:

- Recent measurements of the field distribution inside a CdTe detector show that the

field is not equally distributed.?:10 Close to the contacts the field strength is lower
than expected. These results were recently published.

- The standard detectors are cut from long ingots. After application of the contacts they
are tested for their qualities as a spectroscopic detector. The probability to find a

spectroscopic 5 x 5 x 2 mm® detector were judged to be above 50 %. These detectors
are further categorized according to the observed energy resolution. The detectors
used in the study of standard devices all belonged to the best class with 4 - 6 keV
resolution. The large detector has 20-times this volume, and the probability that the
full volume is flawless is correspondingly small. ‘

Further systematic measurements are planned with the large detector. The detailed study of the
field distribution in this detector, and the pulse shapes from different regions of the detector
could provide necessary information to understand the effects causing the hole trapping. The
feedback of this information will help to produce better large detectors and to determine the
largest size economically feasible. '
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photomultiplier applications, a

n

Development of a Channel-Electron-Multiplier PMT
Single channel electron multipliers (CEM) are continuous dynode electron multipliers
These devices are used in analytical instrumentation, e.g. mass spectrometers. In the early
: 70’s, Bendix manufactured photomultipliers base

superior performance in magnetic fields and wit

- performance level of CEMs at that time, however, was no
limited demand. The quality of

d on such CEMs for special applications with
h good sensitivity and high speed. The
t sufficient to meet the demands of most
d production was finally discontinued
show enhanced gain, reduced noise, and increased maximum count rates.
The intrinsic qualities of CEM
for space applications when ¢
would be particularly beneficia

due to the high costs and
CEMs was steadily advanced since then, and present day devices

characterization of the available device

oupled to a photocathode. Their sm

devices are expected to provide superior photomultipliers
the expectations, and prototypes of a CEM-PMT are under constructio
prototypes the final device can be designed.

all overall size and low weight
s. These initial measurements on standard CEMs confirm
Characterization of a

I The evaluation of such photodetectors has been started with a
t

ndard

n. After a study of these
optimized nor characterized for use in a

EM
The typical application of CEMs is in

operational parameters of a standard CEM. The C
Galileo, Sturbridge, MA.

mass spectroscopy. Standard devices are neither

PMT. Therefore, EMR initiated a study of the
A gain of 106 -

EM chosen belongs to the 4800 series from
Gain and High Count Rate Capability

Experience shows that the

order of10° - 108. Higher count rates can be achie
which shortens the time required to replenish the ¢

108 is typical for standard CEMs and maximum count rates can be of the
current. The gain of the test

ved by reducing the channel resistance,
harges depleted by the signal current.
bias current should be several times the maximum signal
CEM was measured using standard pulse counting electronics
including a charge sensitive preamplifier and a multichannel analyzer (MCA). A gain of
1.4 x 108 was measured at 2500 V bias.
The maximum count rate was determined by splitting t
and a fast counter. The input source strength was gra
pulse height was monitored. The relation between gain an
The maximum linear count rate is 3 x 10°.
Dark Pulses

he detector output to both an MCA
dually increased while the output

d count rate is displayed in fig. 3.

The dark noise was measured with the same equipment used for the gain measurement.
11
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In the absence of any input signal, at full operating voltage, the output pulses were
monitored. The average level of dark counts was 0.03 counts per second. This dark noise is
the intrinsic noise of the multiplying channel. Additional dark noise has to be expected
when the channel is coupled to a photocathode in a PMT.

Single Electron Resolution

The pulse height resolution was measured with standard pulse counting electronics.
When stimulated with photoelectrons the pulse height distribution is a Gaussian with a Full
Width Half Maximum of 69 % at the operating voltage.

Dynamic Range

The dynamic range of the multiplier is defined as the range between the smallest and
largest detectable signal. This range was determined to be approximately 1.1 x 108.

Time Resolution

The time resolution of a CEM is characterized by the rise time and the pulse width of the
output pulses. For these measurements the anode was connected to a Tektronix 7104 analog
oscilloscope. The pulse rise time was measured to be 7 nsec, and the width to be15 nsec.

Plateau Characteristic

A distinct plateau characteristic is important for the performance of an electron
multiplier in pulse counting applications. A stable input count rate was established, and
then the bias voltage was raised while recording the resulting output count rate. The result
is shown in fig. 4. A plateau is identified between 2000 V and 2500 V.

Developmen f Pr EM-PMT

Several characteristics of a CEM-PMT can only be evaluated in a complete prototype, i.e.
a CEM coupled to a photocathode in a vacuum envelope.

Dark Noise

The dark noise of the channel multiplier is extremely low with 0.03 counts per second.
In a PMT, however, the dark count rate will be governed by noise from the photocathode.

Life Time

Typical life times for CEMs in mass spectrometers are about 1 year, mostly limited by
the reaction with the organic gas ions introduced during this operation. For application
where a very good vacuum is guaranteed, as in the case of a PMT, the average life is
expected to exceed 5 years.

12
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Linearity for High Instantaneous Rates

A special case is the exposure of the CEM to high instantaneous count rates such as in y-
ray spectroscopy. A y-ray can produce sufficient light in a scintillator to generate more
than 10,000 photoelectrons in a photocathode. These photoelectrons reach the channel
within a few nsec. The instantaneous current can be large, without the average exceeding
the maximum signal current of the CEM. In this case, the behavior of the CEM is not
determined by the resistance of the channel, but its capacitance.

Recovery After High Light Exposure

For a PMT it is important to quickly return to its normal operational characteristics
after exposure to very high light levels.

To ensure a rapid progress of the investigations, the prototypes of CEM-PMTs are under
construction, where the CEM is enclosed in a glass envelope and a photocathode is deposited on an
entrance window. For a final design it appears imperative to use the CEM body itself as a
hermetically sealed envelope. The size and the weight of the assembly can thus be reduced to a
minimum. This will require that the entrance window is hermetically sealed to the cone of the
CEM, and the anode connection must be vacuum tight. For glass CEMs the body itself is normally
hermetic. For ceramic CEMs additional treatment of the ceramic body might be necessary. This
is technically feasible, but requires development work. It was therefore decided to first evaluate
the operational characteristics of CEM-PMTs in a separate envelope. A schematic view of the
prototypes is shown in fig. 5. If the results from the evaluation confirm the expectations, the
development of the final design can be started.
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Compact PMTs

Schlumberger-EMR has a line of photomultipliers well suited to well logging
applications in extremely harsh conditions. The expertiss was developed and
successfully applied Measuremem-Whilc-Drilling (MWD) operations. which subject
the tool and detector to shock levels in excess of 500 g in a continuous fashion, and
high levels of random vibrations. Problems arising from size limitations led to the
development of compact PMTs with similar characteristics but a drastically reduced
size. Tests conducted in 1993 for the qualification of this novel detector showed no
performance degradation while allowing a smaller detector package. An added
advantage was the development of extremely compact power supplies that use the
volume around the electron multiplier structure. This developmznt allowed Operation
of the detector o higher count rates than before. with higher reliability and
linearity, while still reducing the original detector size.

The original size of a 1.25" diameter photomultiplier was 4.2" long. The compact
PMT of the same diameter is 2.5 long when fully packaged with its biasing resistor
network and the shock resistant potting. The integrated power supply brings the
package to 3.1" length with no change in diameter. The power supply delivers up to
2400 V and operates up to 150°C, with a higher temperature version being finalized
in the first half of 1994,

A similar approach is being applied to larger diameter ( 2" - 3" )
photomultipliers. A 3" photomultiplier can be packaged to a length of 3.5". This
technology is being employed in the y-ray detector for the NEAR project.

It is worth mentioning that these photomultipliers were developed for a large
range of temperatures up to 200°C. The photocathodes are being matched to the
various emission characteristics of the scintillating crystals. including, but not
limited to. Nal(Tl), BGO, and GSO ( gadolinium oxyorthosilicate). Deteciors including
these scintillators are being successfuily used in various applications.
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Term Plans

Microchannel Plate (MCP) PMTs

Replacing the multiplying structure in a PMT by a set of Muly Channe]
Plates could result in a significant length and weight reduction. MCP-PMTs
provide an imaging capability which might considerably cnhanc:'thc_
performance of present X-ray detection systems. Prototypes of such  MCP-
PMTs exist. The performance characteristics of these devices will be
investigated. '

Channe! Electron Multiplier (CEM) PMTs

The main topic of this investigation is to determine if C_hanqcl Electron
Multipliers can replace the classical PMT with an advantage in size, weight,
or performance,

Other solid state electron multiplication devices

There are several possibilities to employ Avalanche Photo Diodes (APDs)
o replace some parts of the multiplying structure in a classical PMT.

Miniature Detectors

Certain  combinations of scintillating crystals, compact PMTs, and
integrated power supplies offer unique characteristics of compactness,
reliability, and performance for specific applications. The most promising
combinations will be evaluated.

-Space Qualification of Integrated Power Supplies

The miniaturized power supplies mentioned above have excellent
characteristics of stability, ruggedness. and operating temperature range.
When used with the small size PMTs they use the available space very
cfficiently and improve the high count rate linearity. They contain both
passive and active surface mount components. The space worthiness of these
power supplies will be evaluated.
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A NEUTRON ACTIVATION GAMMA RAY SPECTROMETER
FOR PLANETARY SURFACE ANALYSIS

J.G. Bradley
Jet Propulsion Laboratory, 306-336
California Institute of Technology
4800 Oak Grove Drive
Pasadena, California 91109

1.S. Schweitzer, J.A. Truax
Schlumberger-Doll Research
Old Quarry Road
Ridgefield, Connecticut 06877

A. Rice, T.A. Tombrello
California Institute of Technology, 200-36
Pasadena, California 91125

ABSTRACT

A pulsed DT neutron generator system, similar to that used in commercial well logging, offers the
pessiolity of performing accurate elemental analyses to depths of tens of centimeters in a few

sconds with the probe on the body's surface. Through time-phased measurements of the gamma-
r2¥ spectrum syncironized with the neutron pulses, concentrations of hydrogen, carbon and key
mineral forming elements can be determined even with a low-resolution spectrometer. If a high
rzsolution spectrometer is used, the number of elements measured and the sensitivity for
_measurement 1s increased. An implanted probe system, such as in a comet or ice cap penetrator, -
wauld offer the highest possible sensitivity.

An inexpensive neutron probe system based on modifications of the Schiumberger well-logging
syssem has been proposed for the Discovery/Venera/SAGE Mission to Venus and the Mars Polar
Pathfinder. Preliminary experiments on a simulated Venusian surface indicate that high quality

results can be obtained.

INTRODUCTION

T'qere are a number of planned and contemplated NASA, ESA, and Russian solar system lander
rru.ss.ions that will characterize planets and small bodies over the next ten years. These include
mussions to the Moon, Mars, Venus, asteroids and comets. Except for gamma-ray spectrometers,
thf: existing suite of "demonstrated” nstruments can only characterize the first fraction of a
millimeter of the surface for elemental composition unless dnlling or excavating techniques are
used. Cosmic-ray induced activation analysis by gamma-ray counting can determine the
composition of significant volumes, but only with tens of hours counting time for high quality
measurements. -
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Abstract:

i

Detectors that Will be used for planetary missions must
have their responses calibrated in a reproducible manner. .
A calibration facility 1is being LConstructed - at
Schlumberger-Doll Research for Gamma- and X- Ray
detectors. wWith this facility the detector response can
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besides GSO, LsSo, and vso. These are Cdwo4 ang CsI(T1).
- It will be investigated, if a detector with a better
- overall performance can be assembled with various photon

converters.
. Con§iderable Progress was achieved in pPhotomultiplier
7 design. The length of an 1n diameter PMT could be reduced
N

from 4.2" to 2.5n without performance degradation. This
technology is being employed in the gamma-ray detector
for the NEAR Project. A further weight and size reduction

- of the detector backage can be achieved with miniaturized
integrated power Supplies.
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Six Month PIDDP Report on
Gamma-Ray and X-Ray
Spectroscopy

Introduction

During the initial six months of this program, a number of different studies
have been initiated. In all cases, they are focused on the fundamentals of detector
properties, physics of planetary spectroscopic measurements, and the improvements
that can be obtained with the use of a neutron generator on a planetary surface, all
for improving the determination of elemental concentrations that can be related to
the lithological constituents of the body under study. While a number of small efforts
have also been made, ¢.g. study of detector properties at 150 K for a possible comet
penetrator with W. Boynton - U. of Arizona, the primary studies in this time period
have been on obtaining a better understanding of the scintillation mechanisms in
the cerium-doped rare-earth oxyorthosilicates to better be able to predict their
performance for different planetary missions, a better determination of the
spectroscopic potential for measurements made with a neutron generator, a detector
calibration and response characterization facility, and a study of a Fourier transform
technique for including the Compton background in the analysis of an elemental
response with a germanium detector, such as was planned for Mars Observer. In
addition, a survey of all known scintillators has been initiated with a goal of
determining optimum combinations of scintillator and photon converters to obtain
the best possible detector system for particular planetary measurement
requirements. During the past decade Schlumberger developed a line. of rugged, high
temperature photomultipliers for well logging applications. This technology
together with highly efficient photocathodes was applied for a new photoconverter,
2 much more compact photomultiplier tube, which has already been implemented for
the NEAR detector. Finally, a study is being undertaken to combine the best features
of a Schlumberger and a GSFC high voltage system to obtain a new design that
satisfies the requirements for high voltage generation for both neutron and X-ray
generators in a space environment,

Detector Calibration and Response Characterization Facility

Detectors that will be used for planetary missions must have their responses
calibrated in a reproducible manner, so that the information obtained during the
mission can be better analyzed. In addition, it is important to characterize a detector
System at uneven portions of its life cycle, for example after exposure to different
amounts of radiation. The change in a detectors response can be well-determined in
the laboratory, if an invariant reproducible facility exists that is unaltered over time.
In addition, it is important that the facility is sufficiently flexible to permit the
detector system to have jts response to different stimuli, i.e. gamma rays of widely
differing energies from different elemental sources, well characterized. This permits

n
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a critical experimental determination of spectral response to an elemental source and
{s a necessary component for the analysis of the data obtained on the mission. Such
measurements  can also be used to benchmark Monte Carlo calculations that may be
necessary to obtain final detector responses, either from an unplanned alteration ip
the detector response after launch or because of an inability to exactly simulate the
planetary measurement environment in the laboratory.

A design has been completed for such a calibration and response
characterization facility at Schlumberger-Doll Research for all types of gamma-ray
(and x-ray) detectors that may be used for planetary measurement, whether orbital
or on the planetary body. Neutron sources, either small D,T accelerators or isotopic
sources, can be accurately positioned in a number of locations to obtain the desired
response. The design also allows for the use of a compact x-ray generator. There is a
96% efficient germanium detector (Resolution ~ 2.1 keV) that is continuously
available to insure stability of the electronics and geometry. The main calibration
facility will be constructed of plywood and about 1500 Ibs. of JSC-1 lunar simulant
(obtained with the assistance of Texas A&M and JPL). There is a side-mounted
arrangement o position the center of the front face of all detectors in a reproducible
geometry. This design is shown in Figure 1. There will also be a facility filled with
calcite that will allow response characterization to be obtained for arbitrary
clements by “salting” the container with sealed samples of any elemental
composition desired. There wijl also be other similar samples for obtaining detector
responses in different mixes of elemental concentrations. The facility should be
available for use in about 1-2 months.

Initial use of the facility is expected to be the MARS 94 detectors. The facility
will then also be available for calibrating other detectors as well as arrays of
detectors such as the NEAR detector with its central NaI(T1) crystal surrounded with
a large BGO crystal.

The Scintillation Mechanisms in Cerium-Doped Rare-Earth

Oxyorthosilicates

The cerium-doped rare-earth oxyorthosilicates are an interesting recently
discovered family of . single crystal scintillators that have many useful properties
when using them as gamma-ray detectors. There are currently three established
members of this family, a relatively light one based on yitrium, YSO,!) and heavy
ones based on gadolinium, GS0,2) and lutetium, LSO.3) Al of these materials have
relatively fast scintillation decays allowing high count rate capabilities without dead
time and pile up corrections and appear to be at least reasonably resistant to
radiation damage. However, the scintillation properties of these materials are not
known. A further complication is that these materials have two different crystal
structures. To make optimum use of such materials as possible detectors for planetary
measurements, it is important to understand the scintillation mechanism of these
materials to reliably predict their performance during the actual measurements.

The first of the cerium-doped rare-earth oxyorthosilicates to be used as a
gamma-ray detector, GSO, has been extensively studied at Hitachi Chemical Company,
the inventors of the material, and by us at Schlumberger-Doll Research, and at the
National Synchrotron Light Source at Brookhaven National Laboratory, in
collaboration. with a group at California Institute of Technology. Through this effort,
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we have established a model that describes the scintillation properties of GSO. This
allows a better use of GSO for planetary measurements as the response can be
predicted under any measurement condition. Work is continuing to better
understand LSO, the heaviest of this type of detector, and potentially the best for
measurements at temperatures below 300 K. A sample of GSO was irradiated and the
detector characteristics were essentially unchanged. We expect to begin radiation
studies on LSO in the next six months.

Elemental Concentrations Determined With a Neutron Generatol

and a Gamma-Ray Detector

To better understand the potential for the use of pulsed neutron generators
with landers, rovers, and penetrators, a laboratory model was constructed to simulate
the surface of Venus. The eclemental composition of the laboratory model was
intended to simulate the analysis obtained by the Venera 14 lander. This comparison
1s shown in Table 1.

Element Venera 14 Venusian
measurements simulant
Magnesium 4.9 4.3
Aluminum 9.5 7.9
Silicon 22.7 19.5
Potassium 0.17 0.65
Calcium 7.4 7.2
Titanium 0.75 0.75
Manganese 0.16 0.12
Iron 6.8 6.8
Sulfur 0.35 0.27
Chlorine 0.4 0.42
Oxygen 43.6 47.5
Carbon - 4.3
Sodium - 0.28
unknown 3.3 -

Table 1. Comparison between elemental content determined by Venera 14 and the

laboratory Venusian simulant.
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Gamma-ray spectra were obtained with a GSO detector, from reactions involving high
energy neutrons (during the burst), thermal neutrons (shortly after the end of the
burst), and delayed activation (after the accelerator was tumed off). Studies were also
performed to investigate the effect of the possible uncertain amount of the Venusian
atmosphere that would contribute to the measurement. Other than for the expected
additional contribution of carbon and oxygen gamma rays, no alteration in the
spectra were observed. A presentation of the initial efforts on this work was given at
the Vernadsky-Brown Microsymposium in Moscow in the Fall of 1993. A poster on
this work was presented at the IAA meeting at the Johns Hopkins University Applied
Physics Laboratory in April, 1994. A copy of the preprint for the IAA meeting is
attached as Appendix 1.

Fourier Transform Analysis of Germanium Spectra

A study has been initiated (with J. Amold and A. Thakur - UC San Diego) to test
the spectral analysis approach that was to be taken with the germanium detector
spectra from Mars Observer.4) As the satellite was between the Earth and Mars, it was
desirable to test the adequacy of the code on realistic data. We realized that a realistic
approximation of the spectra that were expected to be obtained by Mars Observer
existed from data obtained with a Ge detectord) in the German Continental Deep
Drilling Project (KTB). The data consisted of gamma-ray spectra from prompt thermal
capture and gamma-ray spectra from the decay of delayed radioactivities. Previous
work had shown that the peak analysis results were in excellent agreement with data
obtained in the laboratory from cuttings and core samples. In the current work,
these spectra have been analyzed with a combination of a peak fitting program
(GANYMED) and a Fourier transform analysis of the continuum. The results are very
encouraging and we hope to compare these results with those obtained from a spline
approach that has also been used to include the information in the Compton
scattering response from a gamma-ray peak. '
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Caption

Figure 1. Schematic of planetary detector calibration facility.
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Survey of Inorganic Scintillators

Although there are many substances known to scintillate under X- or y-ray
irradiation, the ideal scintillator for all applications does not exist, or at least has not
yet been found. This ideal material would be:

- fast, similar to the fast component of BaFj

- dense for a high y-ray detection efficiency, as BGO

- high average Z, comparable to BGO

- high light output, such as NaI(Tl) or CsI(TI)

- good spectral match of emission with a photocathode material, as Nal(Tl)

- no temperature dependence of the photon yield, as the fast component of BaFj
- not hygroscopic

- rugged material

- inexpensive

In the absence of such a material the choice of a scintillator depends on the
application and on the choice of the photon converter, i.e. the device which
transforms the light of the scintillator into an electronic signal.

The present survey has been initiated to identify an optimized y-ray detector to
detect the y-ray lines from elements. Thus, the interest is in a spectroscopic detector
with as good an energy resolution as possible. The event rate is most often low and
speed of the detector may only be sometimes an issue, but detection efficiency is. A
high density and a large Z result in a smaller detector. Since the detector is often
packaged in an anti-coincidence shield, a smaller detector's the savings in size and
weight are amplified by the reduction of this shield.

List of Inorganic Scintillators

Inorganic scintillators found in the literature are listed in table 1. Although
this list is not complete, and there are many more scintillating crystals, most of them
might be only interesting for special applications and do not promise to be better in
the present search. Besides some well known crystals, there are many exotic
materials in the list which are rarely used. From scanning the list, most materials
can be easily rejected for this application, since the photon yield is rather low.
Although the photon yield is not the only factor, a scintillator with a low light yield
cannot provide the desired number of photons required for a good energy resolution.
Other scintillators have too low a density or Z to be of interest here. Their efficiency
is substantially lower than, for example, Nal(TI) or BGO, a clear disadvantage for
space applications.

The most common detectors presently used are Nal(TI) and BGO. Nal(Tl) is
currently the standard spectroscopy scintillator, but its density and Z are not very
high. Therefore, BGO is often chosen where detection efficiency is more important
than energy resolution, as for example in anti-coincidence shields. A reduction of
candidates in the list is achieved by comparing the characteristics with Nal and BGO.
A scintillator which does not have the potential to be better suited than either of the
two is not worth considering in this context. In particular this means requiring that
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either the photon vyield is either comparable to or larger than Nal(Tl), or the density
and Z are comparable to BGO and the photon yield is larger than the value for BGO.
Preserving this artificial classification for the moment, table 2a lists the candidates

which may show a better performance than Nal, and table 2b is the equivalent for
BGO.

The number of candidates in table 2 is small. One group of interest are the rare
earth oxyorthosilicates. Especially, LSO is interesting since the high density and Z
provide a scintillator nearly as efficient as BGO, at least above 500 keV. Additionally,
the light output is comparable to Nal(Tl), and the decay time is a factor of ten shorter.
LSO could be a good spectroscopic detector which is more efficient than Nal(Tl), as
well as a superior material for an anticoincidence shield, because of its better energy
resolution and timing performance than BGO. These qualities are of special value for
high energy gamma rays in order to recover the first and second escape peak.

The second group of interest are scintillators with emission in the red, namely
CsI(T1) and CdWOg4. Coupled either to red sensitive photocathodes or semiconductor
photon converters like Si-diodes, an improved performance can be expected.
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The new era of lower cost solar system exploration missions introduces constraints on the options
for the science instrument systems. The selected science payload must always meet the resource
constraints of the spacecraft and launch vehicle. The size and capabilities of the spacecraft and
launch vehicle will most often be selected for their cost. It is also necessary to select the set of
instruments that provides the optimum science return within the overall cost and resource
constraints. This can mean only a few instruments are flown if expensive innovation is needed in

 the essential payload, or quality of science return may be sacrificed if existing instrument designs
are used. However in some cases there are options for innovative instruments, use of existing
designs for some instruments and space craft, and low cost implementation modes that can
produce an exceptionally high value science return. This is the case with the proposed stcovery .
Venera Surface Atmospheric Geochemistry Experiment (SAGE) Mission. :

The SAGE mission proposes that a select set of U.S. and Russian built instruments be flown on a
Russian built Venus lander of the Vega design with a Russian provided launch vehicle. The
proposed instrument set includes a new atmospheric chemical analyzer for descent operation, a
surface imaging spectrometer for mineralogical identification, an Alpha Proton X-ray analyzer for
elemental analysis of a retrieved sample, and the new Neutron Activation Gamma-Ray
Spectrometer (NAGS) for analysis of the Venusian surface in-situ. 1 The APX and NAGS
elemental analyzer systems are complementary. The APX system provides elemental analysis of a
surface sample obtained by an external drilling system identical to that used on the Venera 13, 14
and Vega 1, 2 landers.2 The drilling system can retrieve a sample of 1 to 6 cm3 from the top few
centimeters of the surface. The NAGS system on the other hand can provide an analysis of
hundreds of cm3 of the surface without the necessity for retreving it. Thus a comparison of
results can provide an indication of changes in chemistry in the first few centimeters depth due to
atmospheric interaction. The APX experiment will determine the abundance of elements from C
through Ni with concentrations greater than 1 to 5% by weight. The NAGS system will measure

_the abundances of H, C, O, Na, Al Si, S, Ca, Ti, Fe, Gd+Sm, plus C! and Mg (if present in

appreciable quantities) by means of neutron inelastic scattering, capture, and delayed radioactivity. -
The sensitivity will be better than 0.1% in most cases, with Gd+Sm measured at ppm levels. In
addition the natural radioactivities of K, Th and U will be measured at the site. The thick

Venusian atmosphere prevents significant cosmic ray induced gamma-ray activation.

INSTRUMENT SYSTEM

The NAGS instrument is based on the hardware and analytical principles developed by
Schlumberger, Inc. for petroleum well logging. The instrumentation consists of a small
deuterium-tritium neutron generator (DT minitron), its 80 kV high voltage power supply, a
scintillator with a miniature, rugged ceramic photomultiplier tube and amplifier, and control

electronics. Schlumberger has developed a number of configurations, but the most suitable one
houses all components in lengths of 5.7 cm diameter cylinders that are interconnected and stacked
for lowering into a bore hole. The commercial systems are engineered for continuous operation in
very harsh down-hole conditions, up to 200° C, hundreds of Gs transient accelerations, and
20,000 Ib/in? pressures (with steel housing). These basic components can readily be adapted to a
number of planetary applications.

/0 — /¢
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For the Venera/SAGE mission, the commercial system, with minor modifications, would be
reconfigured and additionally packaged for the Venus surface environment so that it can be
deployed from the lander. The instrument will be deployed to a distance of one to two meters by
means of an arm that folds out from the side of the lander. The control and data acquisition
electronics are divided between the deployed system and the lander. Measurements could be
made with the NAGS system fixed at the bottom of the lander, however that position makes it
particularly vulnerable to damage on landing, and it maximizes the neutron interaction with the
lander, and thus decreases the sensitivity for the geochemical measurements. Deployment to one
or two meters will decrease the gamma-ray signal from the spacecraft itself by one or two orders
of magnitude. : . ,

The harsh Venusian environment, approximately 500 C and 100 atmospheres pressure at the
surface, requires extraordinary thermal and mechanical designs for the lander and externally
deployed instruments. Despite the inclusion of extensive thermal insulation and heat absorbers,
the Venera and Vega landers are limited to, at most, two hours of surface operations. Preliminary
analyses indicate that the NAGS system can be made to last two hours using the packaging
system illustrated in Figure 1. The primary insulation is a metal vacuum dewar that completely

NEUTRON
GENERATOR

YACUUM
DEWAR

PMT

\711,\ ;ﬁ'/ SCINTILLATOR

Figure 1. Schematic of packaging system for the NAGS in Venus environment

contains the neutron generator, spectrometer and electronics. Overall the dewar is about 1 meter
long and 15 cm in outside diameter, 11 cm inside diameter. The vacuum wall contains high
temperature multilayer insulation. The power and signal lines are carried through insulated
connectors at one end. In order to limit the temperature rise rate, the voids within the inner
dewar wall are filled with a heat absorbing phase-change material. Because the logging systems
are mechanically and electrically designed for harsh deep-well conditions, no significant re-
engineering of the generator and spectrometer systems is anticipated. The complete system
would have a mass of about 27 kg including the thermal packaging. Approximately 30 W would
be consumed to maximize neutron output for the operating period. This mass and power is well
within the capability of a Vega lander to deliver and operate. For a less severe planetary
environment, such as Mars, the neutron probe system mass and power requirement by would be
less by, perhaps, an order of magnitude,
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[n well logging applications the neutron generator and gamma spectrometer systems are in one
linear string with neutron scattering material between the them to minimize line-of-sight neutron
interaction. However a completely i1-line system would be too long to be accommodated on a
Venera/Vega lander. Thus the neutron generator with its power supply are placed beside the
spectrometer system with the scattering material close to the scintillator. This is still excellent
geometry,

Clearly there are important similarities and differences between using the NAGS system in a
petroleum well and on the surface of a planet, Venus in particular. In both cases, the system must
be mechanically and electrically rugged. In both cases the system must produce high quality
spectral data under extreme mechanical stress and rapid temperature changes. The ability to v
perform well under these conditions is fundamental to the existing commercial logging systems.

The two most important differences between well logging and the planetary system are the
geometry and the amounts of neutron moderator present. In a well logging application, the
neutrons are interacting with rock that is nominally in 4% geometry around the source and
detector, whereas in the case of the surface location, the material to be analyzed is only in one
hemisphere. This has the effect of decreasing the overall sensitivity of measurements because
approximately half the neutrons will never interact with the solid surface, and additional neutrons
will be scattered out of the solid before they are captured.

The second major difference from well logging is the relative amounts of neutron moderator
present. In well-logging applications the generator is always surrounded by significant
concentrations of hydrogen-contajm'ng fluids such as water and hydrocarbons. T‘hese act to very
efficiently slow down the neutrons so that they are captured within a few tens of centimeters from
the generator. Thus the gamma ray signal from neutron capture is strong in a scintillator close to
the generator. On the other hand, on Venus or other "dry” planets there is little or no hydrogen
present so that the neutrons may travel several times farther before they are captured. Thus the
optimum capture signal may be obtained farther from the generator.

Data Acquisition

The data acquisition strategy as been well developed for the well logging applications, and an
essentially similar strategy is used for a planetary application.3 The gamma-ray signal at the
spectrometer detector contains components from neutron inelastic scattering, neutron capture,
and delayed radioactive decay. The separation of these components can enhance the sensitivity
for some elements. Although the gamma ray spectrum from each element is unique, when the
spectrum is derived from a relatively low resolution detector, such as the scintillator system, the
lines are not uniquely resolved and separation of components is a considerable advantage. Thus
the strategy is to measure the gamma rays as a function of time following a microsecond burst of
neutrons. The inelastic scattering of the primary 14 MeV neutrons, (n,n’) reactions, results in
immediate emission of gammas from the excited nuclei. The capture of the neutrons by target
nuclei, (n,y) reactions, results in prompt emission of gamma rays, but there is a delay of some
microseconds between emission of the primary neutrons and the capture because capture is more
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likely for slow neutrons. The erhission of gammas by decay of activated nuclei is statistically
delayed by the half life of the nucleus. :

A typical data acquisition scenario is as follows. The neutron generator is pulsed on for about

10 microseconds every millisecond. A "pulse gate" gamma spectrum is accumulated during the
pulse. This spectrum is dominated by (n,n’) reactions. Then a "capture" spectrum is accumulated
for a few hundred microseconds. This spectrum is dominated by the (n,y) reactions. Then,
perhaps with some hundreds of microsecond delay, the "delay activation” spectrum is
accumulated for a few hundred microseconds. This spectrum is dominated by decay of
radioactive nuclei. The intercomparison of these spectra, and subtraction of various components
allows analysis for H, C, O, Na, Al, Si, S, Ca, Ti, Fe, Gd+Sm, plus Cl and Mg (if present in
appreciable quantities) with sensitivities of better than 0.1% for most components and Gd+Sm
with ppm sensitivities. The quantitation process has been described elsewhere. 4,5

EXPERIMENTAL TESTS . ld Y
14 MeV pulse ' ‘

N . neutron source
A number of laboratory experiments were

performed to investigate the quality of the h
spectra that could be obtained on the ;

(output > 108 n/sec) with 2 3.5 cm : |
diameter x 7.5 cm cerium-doped
gadolinium oxyorthosilicate (GSO)
gamma-ray detector. Simulations of the
Venusian surface were made in a 68 cm x
99 cm x 75 cm polyethylene container.
Initial measurements were made with a
CaCO3-filled or SiO7-filled container.
These measurements were intended to
evaluate the effects of the CO72 atmosphere
on the shape of the spectra and to "salt"
the formation with individual elemental photomultiplier
compounds to evaluate the spectral shapes ;
for each individual element. Subsequently, v ‘
a simulation of the Venusian surface was :

Hevimet
shielding

———

S ——

o i ith silica sand
approximation of the elemental content Tanko?léigev:lmaterials

from the results obtained by Venera 14.6 . v
The elemental content of the resultant Figure 2. Schematic drawing of the top view of the
simulation is compared with the Venera 14 laboratory experimental setup.

results in Table 1.

All measurements were performed with the neutron generator, shielding, and the detector--
photomultiplier combination lying on the surface of the formation, as shown schematically in
Figure 2. Since the Venusian environment is characterized by being essentially hydrogen free, the
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slowing down and diffusion properties of neutrons are controlled by the other light elements
present, rather than hydrogen as is usually the case on Earth. As there is uncertainty on how
much of the CO72 atmosphere may permeate the Venusian soil and on whether there will be a
portion of the atmosphere between the neutron generator and the detector and the soil being
measured, we attempted to evaluate the effect of the variation of neutron moderation properties
on detected gamma-ray spectral shapes by comparing simple spectra obtained with and without
substantial CO7 present. Spectra were obtained by placing the neutron generator and detector
directly on the SiO2 soil surface and by repeating the measurement with a 5 cm layer of solid CO2
between the neutron generator and detector and the soil surface

To provxde an estimate of the spectral shape for individual efements, packages, containing
typically | kg of individual element oxides or carbonates, were placed about 10 cm beneath the-
CaCOs3 soil surface between the neutron generator and the GSO detector. The resulting spectra
will provide individual spectral response functions after subtracting the contribution from the
common CaCO3 content.

- Table 1. Comparison between elemental content determined by Venera 14 and the
laboratory Venusian simulant.

Element Venera 14 Measurements | Venusian Simulant
(wt percent) (wt percent)

Magnesium 49 4.3
Aluminum 9.5 7.9
Silicon 22.7 19.5
Potassium 0.17 0.65
Calcium 7.4 7.2
Titanium 0.75 0.75
Manganese 0.16 0.12
Iron 6.8 6.8
Sulfur 0.35 ‘ 0.27
Chlorine 0.4 0.42

gen 43.6 1475
Carbon - 43
Sodium : - 0.28
Unknown 3.3 -

All electronics for processing the detector outputs used standard laboratory electronics. Spectra
to reflect the fast neutron-induced gamma rays, those due to thermal neutron capture reactions, as
well as the spectrum of gamma rays from the decay of delayed radioactivity were obtained by
gating the detector electronics with signals from the pulse from the neutron generator.

RESULTS

The test of the effect of the CO7 atmosphere can be seen in the capture spectra shown in -
Figure 3. If there were significant changes introduced by the CO2 atmosphere, then a change in
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the peak height to scattered background would be expected. The figure shows the gross thermal
neutron capture gamma-ray spectrum without any CO2 present (dashed curve) with the
corresponding spectrum obtained with the 5 cm of CO2 between the equipment and the formation
surface (solid curve).” The only significant change in the spectral shape is from the additional
oxygen activation photopeaks (the triplet at roughly 6, 5.5 and 5 MeV) and the Compton
background to lower energies from these peaks. In the region of the silicon thermal neutron
capture gamma-rays, there is no significant change in the peak or background portion of the
spectrum when the solid CO2 is introduced. Thus the shape of the gamma-ray standards are '
expected to be minimally perturbed by the exact amount of CO2 atmosphere present during the

measurement, indicating that this factor would probably not be an important limit on the accuracy
~of derived elemental concentrations.
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~
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6 .
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anure 3. Comparison between thermal neutron capture gamma-ray spectra obtained on a quartz

formation with (solid curve) and without (dashed curve) CO, between the surface and the
instrument.

Two typical neutron capture gamma-ray spectra are shown in Figures 4 and 5 where TiO2 and
Fez03 are salted in the CaCO3 matrix. In both cases the contributions from the added elements
can be clearly identified. These spectra confirm that elemental standards could be derived for the
response of the spectrometer to individual elements contained in the measurement volume.
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Figure 4. Thermal neutron capture gamma-ray spectrum when the calcite simulation is "salted"
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Figure 6 shows a thermal neutron gamma-ray capture spectrum obtained with boron surrounding
the detector to mirmumize the spectral contribution from the detector package. This spectrum wag
obtained in the complete simulation, whose elemental content is shown in Table 1. Numerous
peaks can be identified from the elements in the simulation, indicating that these elements, as well
as perhaps some of the others whose peaks are not visually obvious, can be quantitatively
determined. It should be noted, of course, that some of the elements would be determined from
prompt neutron-induced reactions, such as carbon, oxygen, and magnesium, and from delayed
radioactivity, such as aluminum, manganese, and sodium. -

Y -|1‘r‘v‘{*

counts

v i L T v T T T LI -
Ol lr] lfz;rrps;‘r.4«rrrsrrtr6 7 8
Photon energy (MeV) i :
Figure 6. Thermal neutron capture gamma-ray spectrum in the complete simulant model whose
composition is given in Table 1. The hydrogen peak is from the environment surrounding the
simulant, - e

DISCUSSION

The technique of using a gamma-ray detector together with a pulsed neutron generator to
determine accurate elemental abundances has been well developed for remote sensing applications
on Earth in rugged environments. Such systems can be applied to non-orbital planetary
environments to provide elemental concentrations of the surface constituents averaged over th'e
first tens of centimeters in depth. In an impact scenario a volume of tens of centimeters in radius
around the probe location can be analyzed. The particular choice of system components for
planetary missions is governed by the particular mission environment. The selection of GSO for
the Venusian measurement is based on its properties at elevated temperatures’ where it can
maintain a good light output with an acceptably fast scintillation light decay constant over the
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entire range of anticipated measurement temperatures. In addition, it provides a'good volumetric
detection efficiency, minimizing the size of the dewar while maintaining 2 good gamma-ray
spectral response. For a colder environment, a better choice might be cerium-doped ll.:ltetlum
oxyorthosilicate8 which has a faster decay time, essentially the same volumetric detection
efficiency as BGO and has essentially constant output and time characteristics between 11 K and
room temperature, providing better spectral stability and easier electronics dgsign. of course, in
situations where no neutron generator is provided (i.e., using cosmic rays to induce thg reaction
gamma rays) other detectors such as BGO may be more than adequate. When extensive
multielement analysis is required, a neutron generator can be coupled with a germanium detector
for optimum energy resolution and detection sensitivity.

The data presented here are not sufficient for making accurate predictions of anticipated 'statxstical
uncertainties or minimum detection limits for the Venera measurement. However, experience has
indicated that when even a hint of spectral peaks can be seen in the measured spectrum acceptable
precision can be obtained for the elements that make a reasonable spectral contribution to the
measurement. In fact, it is possible to quantify elemental concentrations at reasonable levels of
precision even when there is no visual indication of specific peaks. Laboratory measurements can
be used to predict quantitatively the performance of such a system under a particular planetary
measurement environment”, but resources were not available to perform the complete study here.

These measurements do confirm, however, that the use of a gamma-ray detector with pul§ed
neutron generator in the Venusian environment can perform a significant elemental ana_\lysxs to
provide greater insight into the nature of the surface rocks on the planet. Thf: application of this
technique to planetary environments with significantly different surface constituents, such as
comets, is currently being evaluated. ‘
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The role of gadolinium in the scintillation processes of cerium-doped

gadolinium oxyorthosilicate
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The origins of two decay constants in the scintillation decay of cerium-doped gadolinium oxyorthosilicate (Gd,(SiO,)0:Ce) are
investigated using UV light. We find that build-ups and long decay components observed with gamma-ray excitation are due to
non-radiative energy transfer from Gd to Ce. The transfer rate from Gd to Ce increases as the Ce concentration increases. The gamma-ray
excited decay curves of GSO are composed of prompt Ce emission and delayed Ce emission (transfer of energy through Gd), as observed by

UV excitation.

1. Introduction

The scintillation properties of Ce-doped gadolinium
oxyorthosilicate Gd,(Si0,)0:Ce (GSO) are characterized
by a relatively high emission intensity (25% of NalI(TD),
two decay constants (~ 56 and ~ 600 ns for 0.5 mol%
Ce-doped GSO), an emission peak at 430 nm and emission
intensities and decay times that depend on the Ce concen-
tration [1,2]. The blue emission of GSO entirely originates
from the Ce®* activator, which has parity allowed
electric-dipole transitions between the excited 5d states
and the spin—orbit split 4f ground state.

When GSO is excited with high energy particles such
as gamma rays or X-rays, the scintillation processes of
GSO can be separated into two parts [3]: primary and
secondary processes. The primary process is the transfer of
energy from ionizing radiation to the luminescent centers
(Ce?*). The secondary process is that by which excited
luminescent centers lose their energy. The secondary pro-
cess of GSO has been studied [4] independently as a
function of temperature (11-300 K) by direct excitation of
the luminescent centers, with ultraviolet excitation instead
of with ionizing radiation. The existence of two activation
centers (Cel and Ce2) has been proposed [4] because
Gd,(Si0,)O has two crystallographically independent
Gd>* sites [5,6].

In our previous work [4] we studied the excitation and
emission bands, the decay constants, and the temperature
dependence of the two Ce centers. That work showed that

: Corresponding author. )
Present address: Schlumberger-Doll Research, Ridgefield, CT
06877-4108, USA

the Cel center has its two lowest energy absorption bands
at 284 and 345 nm, and an emission band at 425 nm. The
decay constant of Ce*, which is obtained by a direct
excitation into the Cel** absorption bands, is 27 ns at 77
K, and it becomes faster (22 ns) at room temperature due
to an increase in the non-radiative transition rate (as a
result of thermal quenching). It was also shown that the
two lowest absorption bands of Ce23* are located at 300
and 378 nm and the emission band is at 480 nm. The
Ce2%* has a decay constant of 43 ns at 77 K; this decay
constant becomes much faster (< 6 ns) at room tempera-
ture because of strong thermal quenching. Thus the emis-
sion of GSO following gamma-ray excitation at room
temperature is dominated by the emission from the Ce13*
luminescent center. :

The emission peak of GSO with room temperature
gamma-ray excitation agrees well with the emission peak
of Cel and it supports the assumption that most emission
comes from the Cel center. However, the two decay
constants, ~ 56 and ~ 600 ns [2], obtained with gamma-
ray excitation are much slower than the decay constant of
the Cel center itself (22 ns) [4]. This difference in the
decay time between UV excitation and gamma-ray excita-
tion suggests that the primary scintillation process of GSO
is slower than the secondary process and that there are at
least two types of primary processes which produce two
decay constants. Thus the existence of two decay constants
observed in gamma-ray excited GSO can be attributed to
the primary excitation process.

In the current study, to investigate the primary excita-
tion process of GSO, Gd>* absorption lines in the UV
region were excited by a synchrotron light source and the
decay of the emissions from Ce3* were monitored. We
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attempted to correlate the results obtained from the UV
excitation with those from the gamma-ray excitation, and
the origins of two decay constants in the gamma-ray
excited decays were studied.

Crystallographically, Gd,(Si0,)0 has a monoclinic
structure of space group P2, /c. There are two Gd sites in
Gd,(Si0,)O: one Gd site has a ninefold oxygen coordina-
tion, and the other site has a sevenfold oxygen coordina-
tion. The mean distance from the former Gd site to the
nine oxygen ligands is 2.49 A, while that from the latter
site to the seven oxygen ligands is 2.39 A. Due to the
different interactions with the crystal field and the lattice,
the two Gd*>~ ions are expected to show slightly different
optical properties in interacting with the two Ce>* ions
(Cel and Ce2). However, in the discussion below where
the interaction of Gd>* with Ce* is macroscopically
treated, no distinction will be made between the two Gd3*
ion sites, as we do not propose to describe the details of
the spectroscopic properties of GSO. Rather we attempt to
understand the primary process to provide a comprehen-
sive explanation of the scintillation processes of GSO.

2. Experimental measurements

The GSO crystals used for this study were obtained
from Hitachi Chemical Co., Ltd., which grew the GSO
crystals by the Czochralski technique. The Ce concentra-
tion in the melts from which the crystals were grown
varied from 0.1 to 2.5 mol%. However, the Ce concentra-
tions in the crystals depends on the distribution coefficient
of Ce in the host material Gd,(Si0,)0. The Ce concentra-
tions in the crystals were analyzed by X-ray Assay Labora-

St

tories and the distribution coefficient of Ce was deter-
mined to be ~ 0.6, in reasonably good agreement with
previous studies [7]. Six GSO samples ((de-xCC,)g
(Si0,)0) were used in this study. Their Ce concentrations
relative to Gd are: sample No. 1 (nominal 0.1 mol%,
x = 0.00035), No. 2 (0.5 mol%, 0.0018), No. 3 (1.0 mol%,
0.0036), No. 4 (1.5 mol%, 0.0051), No. 5 (2.0 mol%,
0.0074) and No. 6 (2.5 mol%, 0.0098).

The absorption spectra were measured with a spec-
trophotometer (Model U-3210, Hitachi Instruments). The
emission spectra were obtained with a SPEX Fluorolog-2
spectrofluorometer. The details of these optical measure-
ments as well as those of the gamma-ray excited decay
curve at room temperature have been described elsewhere
[4].

The low-temperature measurements of the gamma-ray
excited decay curves were made with the configuration
shown in Fig. 1. Temperatures as low as 15 K were
achieved with a CTI-Cryogenics refrigeration system
(Model 21). The decay data were taken using the time-cor-
related single-photon technique [8], with a 2 Na source and
a second crystal to provide a timing reference [9]. The
reference signal was produced by cerium-doped lutetium
oxyorthosilicate Lu,(8i0,)0:Ce (LSO), which has a very
high light output and a primary decay constant of 40 ns
(10,11]. The GSO crystal was excited from the side. Two
511 keV gamma rays, simultaneously produced by annihi-
lation of a positron and an electron, were used to excite
both GSO and the reference LSO scintillator. All the
gamma-ray excited decay curves shown here were mea-
sured without correcting for the wavelength dependence of
the photocathode on the photomultiplier tube. One of two
filters, S40-400 or LL-600 (Corion), was placed between
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Hamamatsy 3. : 1 Constant Fraction Delay
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| Height Converter ADC Analyzer

A
: Suprasil START
GSO Window 225,
Ortec 583
Cold * Constant Fraction
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Fig. 1. Equipment and electronics used to measure gamma-ray excited decay curves at 15 K.
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the GSO crystal and its photomultiplier tube to select
— either Cel or Ce2 emission. The bandpass filter S40-400

has a peak at ~ 400 nm and transmits only Cel emission.

The long wave pass filter LL-600 transmits photons which

have wavelengths longer than 600 nm and is suitable for
" selecting only Ce2 emission.

The measurements of UV-excited decay curves as well
~ as those of UV-excited excitation spectra were made by
Tusing the U9B beam line of the National Synchrotron

Light Source at Brookhaven National Laboratory. For the
former measurements, we used the single bunch mode,
=whose duration time is ~ 1.0 ns. This light source has a
_ repetition rate of ~ 5.88 MHz, i.e., a beam repetition
period of ~ 170 ns. Because of the short beam period,
~=—longer decay constants than the beam period could not be
measured. For the measurements of the UV-excited excita-
~ion spectra, we used the normal periodic bunch mode to
~Jet enough intensity from the light source. Monochrome-
ters were used to select the excitation and emission wave-
‘engths. The bandpasses - of excitation and emission
:—nonochrometers were 1.7 and 10 nm, respectively. The
“UV-excited decay data were also taken using the time-cor-
__elated single-photon technique and were analyzed with a
- T =ast-squares-fitting technique.
In the discussion below each GSO sample is labeled by
_its sample name, its Ce concentration in the melt or its Ce
"= oncentration in the crystal (e.g. No. 1, 0.1 mol% or
1=9.00035). However, neither the charge state of Ce in the
- _crystal nor the exact concentration of each Ce center (Cel
'1d Ce2) has been determined.

|i

Results

P

o7 I Comparison between UV and gamma-ray excitation

o

(i

Fig. 2 shows the decay curves of Ce1>* on a relatively

= ort time scale for various GSO samples excited by
? mma rays. Counts are plotted on a logarithmic scale. To
“hoose Cel emission, whose emission peaks at 425 nm,
-+2 §40-400 bandpass filter was placed between the crystal
-~ d the stop photomultiplier tube. This bandpass filter
: Tansmits only Cel emission, eliminating Ce2 emission,
. vhose emission peak is at 480 nm. The Cel decay from
- = 1 mol% GSO obtained with direct UV excitation into the
“e13* band is also displayed in Fig. 2. The excitation and
mission wavelengths were 284 and 420 nm. As can be
_ ', the Cel decays with gamma-ray excitation are much
=-wer than the decay of Cel itself (22 ns). The decay
- onstants with gamma-ray excitation decrease as Ce con-
= itration increases from 0.1 to 2.5 mol%. Note that the
—Aama-ray excited decay curves of all GSO samples,
hen viewed with this time resolution, contain initial
-z _id-ups, indicating that the decay curve obtained with

-_Ima-ray excitation cannot be described by a simple
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Fig. 2. Gamma-ray excited decay curves of three GSO samples

and the UV excited decay curve of 2.5 mol% GSO. The latter

curve has an excitation wavelength of 284 nm and an emission
wavelength of 420 nm.

summation of two exponentials. The extent of this build-up,

in addition, strongly depends on the Ce concentration.

Fig. 3 shows the Cel decay constant for various GSO
samples with different Ce concentrations. The decay data
were obtained with an excitation wavelength of 284 nm
and an emission wavelength of 420 nm. The decay con-
stants were calculated from a single exponential fit. The
decay constant of Cel changes slightly from 25 ns for 0.1
mol% GSO to 22 ns for 2.5 mol% GSO. This trend of the
Cel decay constant, i.e., a weak concentration dependence
of the decay, has been previously reported [12]. Note that
the strong dependence of the gamma-ray excited Cel
decay on Ce concentration differs from that of the UV-ex-
cited (at 284 nm) Cel decay, which shows only a weak
dependence on Ce concentration.

Since the observed decay constants of GSO with
gamma-ray excitation are much longer than the decay
constant of Cel itself, the primary process must be rela-
tively slow. By analogy with thallium-doped sodium io-
dide Nal(T1) (3], five processes in exciting the luminescent
center (Ce?*) following the interaction of high energy
particles are possible:

1) luminescence by the lattice centers (Gd**) and absorp-
tion by the luminescent center (Ce3*) (radiative trans-
fer);

2) non-radiative energy transfer from the excited lattice
centers (Gd>*) to the luminescent centers (Ce“) (in-
cluding resonant transfer);

3) non-radiative transfer from vacancies or traps to the
luminescent center (Ce3*);

4) exciton diffusion to the luminescent center (Ce®*); and

5) binary (independent) diffusion of electrons and holes to
the luminescent center (Ce**).

Processes 1) and 2) will be discussed below. The
possibility of the other processes will be discussed in the
next section.
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The Gd** ion has 7 electrons in the 4f shell, which is
well shielded from the crystalline environment by two
electronic shells with larger radial extension (Ss?5p®) (13].
As a result, Gd** shows very sharp 4f-4f transitions in
the UV, with wavelengths that are relatively independent
of the particular Gd compound [14-19]. The transition
between two 4f states of Gd*>* depends on both forced
electric dipole radiation and magnetic dipole radiation. The
electric dipole radiation is forbidden in first order and it
occurs only as a consequence of a perturbation. The mag-
netic dipole radiation, which is about six orders of magni-
tude weaker than the electric dipole radiation in free
atoms, is observed in the Gd** spectra from crystals with
about the same intensity as the electric dipole radiation.

The absorption data for undoped Gd,(Si0,)O is shown
in Fig. 4a. The thickness of the sample was 0.040 cm. The
absorption coefficients « (cm™') are calculated using the
formula I =1, exp{(—al), where I and /, indicate the
intensity of the transmitted and incident light, respectively,
and ! is the thickness of the crystal (cm). The undoped
GSO spectrum has absorption lines at 313, 308 and 302
nm which are ascribed to the transmons from the ground
S7/2 state to the three excited states P7/2, P5/2 and

P3 s2- The absorptxon line at 275 nm is due to transitions
from the ground S7 , state to the IJ multiplets (J = 7/2,
9/2 17/2, 11/2, 15/2, and 13/2) The excitation into
the Dg/2 state from the ground S7/2 state is seen at 254
nm, and the excitations into the other °D , multiplets
(J=1/2,7/2, 3/2 and 5/2) are observed at 247 nm.
The small peak at 203 nm is due to the absorption of
5G,(J=17/2,9/2, 11/2 and 5/2) multiplets [20]. The
lattice absorption begins at ~ 200 nm.

The emission lines of Gd** in undoped GSO were
observed at 278 (from the °1,) and 314 nm (from the °P,)
with gamma-ray excitation (500 n.Ci *'Am source) (Fig.
4b). The emission bandpass was 7.2 nm. Note that the
emission wavelengths are almost identical with the absorp-

30 T T T T

101 Cel decay

(Gd,_,Ce,),(Si0,)0

Luminescence Decay (ns)
v
T
!

0 1 L ) !
0 0.002 0.004 0.006 0.008 0.0t

Ce concentration (x)

Fig. 3. UV-excited lummescent decay of Cel as a function of the
total Ce concentration (x). The emission and excitation wave-
lengths were 284 and 420 nm, respectively.
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Fig. 4. Absorption (a) and emission (b) spectra of undoped GSO.

tion wavelengths. The ground state emissions from higher
excited states were not seen. This is probably because the
non-radiative decay rates from the hlgher excited states to
the lower excited states (°I, and P,) are much greater
than the radiative decay rates to the ground state and
deplete the higher excited states.

The excitation spectra of 0.1 and 2.5 mol% GSO were
measured for both the Cel and Ce2 centers, with thin GSO
samples (0.20 and 0.18 mm thick, respectively) at 11 K
(Figs. 5a and 5b). One excitation spectrum has a monitored
emission wavelength of 420 am (near the Cel emission
peak), and the other excitation spectrum has a monitored
emission wavelength of 550 om (near the Ce2 emission
peak). The peaks at 203, 247, 254, 275, 308 and 313 nm in
Fig. 5a correspond to the Gd3* absorption lines, which
indicates that energy is transferred from Gd to Cel and
Ce2 centers either by process 1) or process 2). As stated
above, the excitation peaks at 284 and 345 nm are due to
direct absorption by the Cel center, and the peaks at 300
and 378 nm are due to direct absorption by the Ce2 center.
The excitation spectra of 2.5 mol% GSO (Fig. 5b) do not
show as many Gd>* absorption lines as in Fig. 5a since
the intensities of Gd>* absorption are small compared
with the intensities of Ce** absorption. Note that the peak
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at 250 nm is observed for the first time and ascribed to the 46 230
~ third-lowest 5d state of Cel center. 44 Cel’” Gd> Ce2’ 1
Fig. 6 displays the energy levels of Gd>* within the
4f7 configuration [21-23] and the absorption bands of a2t D 4240
— Cel** and Ce2’* for the transitions between the ground 40}
4f states and the excited 5d states. The energy levels of gk {260
Gd3* are based on the data shown in Fig. 4a and previous wil ——
3+ 3+ 361 — ; {280
—work [20]. The energy levels of Cel’* and Ce2’" are 5 wh
based on the excitation spectra of GSO at 11 K (Figs. 5a 3ap § wh P WP 1300
6 6 6 S O, DA
and 5b). As can be seen, the three P7/2, PS/2 and P3/2 - 32) = — 2 X
__excited states overlap absorption bands of the lowest ex- § 10l . wls 1320 g
cited state of Ce12* and the second excited state of Ce2*". 2 £ 1340 =
 The 81, multiplets of Gd*>* mainly overlap the absorption :Cg’ 8 g 1360 2
band of the second excited state of Cel’*. E 26 = 13803
— ] W 4400 é‘
324 ° 1420
- 3.2. Model 3 ” s 4440
— S 0 4460
R ‘= c
™ As observed in Fig. 6, the excited states of Gd** 20 ﬁiﬁ % §‘2’8
__overlap absorption bands of Cel®* and Ce2?*. In addi- 181 5 3560
-= tion, the excited states of Gd** overlap each other. Thus, 16} 1600
“*in the case of high donor concentration such as in GSO, - . o o
donor—donor (Gd—Gd) and donor-acceptor (Gd-Ce) inter- 2t — , -
Fo Sy o
0
- Fig. 6. Energy levels of Gd*™, Ce1’” and Ce2’~ in GSO.
. ® T T T
. 0.1 mol% GSO
—_ ) 11K . . . .
€| | actions between two ions must be taken into account in
= Em. 420 nm describing the decay of the excited donor (Gd**)*. As one
S| e Em. 550 am . :
= 2 possible energy transfer mechanism between donor and
e ; B acceptor, and between donors, let us consider resonant
5 energy transfer. For example, between a donor and an
[=1 . .
- = acceptor the resonant energy transfer is given by [24]:
. 9 -
g (21T)2 x , * 2
e Wy = ———|(D, & H'ID*, A)|' [80(E)8a(E) dE
et 200 350 300 350 300 =Caq f(R), (1)

where an asterisk indicates the excited state of the ion, H’
is the interaction Hamiltonian, gp(E) and g.(E) are the

= _ 25 mo]:% GSO l r normalized lineshape functions for the transitions D* — D
. E 11K and A — A*. C,, is a microscopic parameter for the D-A
= 5 b _ interaction, and f(R) is the function whose form is deter-
- ’E _________ Sg;?g :: mined by the nature of the DA interaction. This energy
. > transfer is non-radiative; it does not involve the emission
- g I~ ] of a photon by D and the subsequent absorption by A.
b g Rather, it is a simuitaneous deexcitation of D and excita-

S tion of A. The interactions which cause energy transfer are
= 2 . electrostatic coupling, magnetic coupling, and/or ex-
- & change coupling between ions. Similarly, the rate of reso-

R et nant energy transfer between donors is expressed by
200 250 300 350 400

AN

Excitation wavelength (nm)

Fig. 5. (a) Excitation spectrum of 0.1 mol% GSO (0.2 mm thick
. _-3mple) and (b) excitation spectra of 2.5 mol% GSO (0.18 mm) at
-1 K. The excitation spectra were measured at the two emission
* ™ wavelengths of 420 nm (solid line) and 550 nm (dashed line).

Wsa = Caa f(R), (2)
where C,4 is a microscopic parameter for the D-D interac-
tion.

When one of the Gd>* ions (donors) is excited, the
energy of this Gd>* ion can migrate through the Gd>*
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Table 1

The number of Gd** neighbor sites and the corresponding
Gd** -Gd’* distances

Starting Distance Site of Number of
point (A) neighbor neighbors
Gdl 3.360 Gdl 1

3.671 Gd1 2

3.724 Gd2 1

3.791 Gd2 1

4.176 Gd2 1
Gd2 3520 Gd2 I

3573 Gd2 2

3.724 Gd1 1

3.791 Gd1 1

3.803 Gd2 2

4.128 Gd2 1

4.176 Gd1 1

sublattice, since in GSO the Gd-Gd distance is very small
(Table 1), and the acceptor concentration is low. We
assume energy to migrate through the Gd** sublattice
before one of the excited Gd>* ions spontaneously (radia-
tively) emits a photon or resonantly transfers its energy to
a nearby Ce’* or to a quenching center. This resonant
energy transfer can accelerate the decay process of the
excited Gd** by the energy transfer to Gd*>* centers with
the shortest lifetime. The details of this energy migration
through the Gd** sublattice is discussed elsewhere (25].

3.2.1. Process 1) — radiative energy transfer
Process 1) that is, the radiative transfer from excited
Gd3‘ to Ce?*, can occur since the emission lines (5P, and
$1,) of the Gd3+ (donor) overlap the absorption bands of
the Ce’* (acceptor) (Fig. 4b). However, it will be shown
that process 1) is not important on the time scale of
interest. As observed for many Gd compounds [14-
16,18,26] where Gd is either an activator or a lattice
constituent, the decay constants of the strongly light-emit-
ting states, P7/, and 17/,, are usually of the order of ws
to ms. Thus, it is reasonable to assume that the Gd*>* in
GSO also has very slow radiative decay constants from
‘these fluorescent states. If the radiative transfer from the
Gd** to the Ce®* occurs, that is, the Ce3* ion absorbs the
photons emitted by the Gd** without influencing the
emission ability of Gd**, then the observed decay curve of
Cel’” in Fig. 2 must have very slow decay constants, of
the same order as the Gd>* decay. However, the observed
decay constants of Cel** are much shorter. Thus, it is
unlikely that process 1) contributes to the emission of GSO
on the time scale observed from gamma-ray excitation
(<1 ps) Evenona long time scale, however, we expect
that the radiative transfer from Gd** to Ce®* does not
play an important role, since the intensities of the Gd**
emission from undoped GSO with gamma-ray excitation

515

are very weak compared with the intensities of the Ce3+
emission from doped GSO. Thus, process 1) can be ig-
nored in considering the excitation process of Ce3*,

3.2.2. Process 2)
energy transfer

As the energy of the excited Gd** migrates through the
Gd** sublattice, the Gd’~ system senses the average
environment of acceptor ions. The average energy transfer
from the donor to the acceptor is then expressed by a
macroscopic {or an effective) transfer rate, W, which is a
function of four parameters (Cy,, Cyg, Ny and Ng). ¥,
and Ny are the ion densities of the acceptor and the donor,
respectively; C,, and Cy, were defined earlier. W, de-
pends linearly on N, regardless of the nature of interac-
tions between ions.

To analyze the non-radiative energy transfer process
from Gd** to Cel®*, the decay curves of 2.5 mol% GSO
were measured by exciting the Gd”* absorption lines (Fig.
7). The decay curves observed with 275 and 313 am
excitation correspond to excitations of the excited ©
multiplets and the P7/1 states of Gd>~, respectively. The
decay curve excited at 284 nm is a direct excitation of the
Cel centers, and the decay curve excited at 300 nm mainly
excites the Ce2 centers. The decay curve excited at 284 nm
is the emission of the Cel®* and can be fit with a single
exponential (22 ns). The decay curve excited at 300 nm
contains the emission of both Cel** and Ce23* and can
be fit with an appropriate combination of two exponentials
that have decay constants of 22 and 5 ns. On the other
hand, the decay curve excited at 275 nm shows a build-up,
and the decay excited at 313 nm contains a slow compo-
nent. Since both wavelengths (275 and 313 nm) corre-
spond to Gd>* absorption lines, it is reasonable to assume
from these data that the energy is non-radiatively trans-
ferred from the Gd>* to the two Ce®* luminescent cen-
ters.

non-radiative (including resonant)

T T T
- Ex. 275, Em. 420
(Gd absorption line)
100 = : ?
=Y Ex. 284, Em. 420 1
8 F (Cel) ]
"é’ i : Ex. 313, Em. 4'20
(Gd absorption line)
10! & —
LA 5
4 C ]
= - .
=3
(o] - 1
102 % Ex. 300,Em. 550 =
E (Cel + Ce2) 3
0 40 80 120 160
Time (ns)

Fig. 7. The UV-excited decay curves of 2.5 mol% GSO.
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Fig. 8. Modes of decay and energy transfer in GSO.

—~ The excited Ce’* emits photons at much longer wave-
lengths than the absorption wavelengths (due to the large
=.Stokes shift). Thus, back transfer from Ce3* to Gd?* is
=inlikely to occur in GSO. If we ignore the difference
between the two types of Gd>* jons, as discussed above,
- ‘he transfer process from Gd** to Ce1** and Ce23* can
= e illustrated as in Fig. 8. N stands for the population of
“the ion. The effective transfer rate from the donor to the
“cceptor is written as Wy, where the superscript i indi-
_ ates the type of the Ce’” (acceptor). Wy, Wl and W2
“Yepresent the radiative decay rate of the excited Gd>* state
_and the decay rate (including both radiative and non-radia-
—ive transitions) of the excited Cel®* and Ce2®* states,
=respectively. Then the rate equation for each excited state
can be given by:

= ING

S = ~Wolg ~ WANg ~ WEN; )
: iNAI* 1 * Taslx

Z—dt = WpaNp — WaN.*; (4)
AN 2 ark 2572

=4 =WpalNp — WIN™. (5)
The solutions in the case where N}(0) excited donors are

= eated at ¢+ = 0 and where no acceptors are excited, are:

E() =NE(©O) expl - (Wo + W + W2 )]s (6)

(0 =N30) i
T O s W)

q

ﬂ fn !

x {exp[ = (Wp + Wi, + LZNY
—cxp[—-WAlt]}; (7)
Woa

Wi~ (WD + Wi, + WgA)

e

() = N5 (0)

X {exp[ = (Wp + Wi + W2, )]
—exp[ -—WAzt”. (8)

. =~ the case of GSO, for which the emission of the acceptor

'E 1>* has been measured, Eq. (7) can be used to fit the
Tecay curves.

o

3.3. Energy transfer from Gd to Ce

3.3.1. Transfer from the °P, states to Ce’*

First, consider the energy transfer from the excited
6}’7/2 state of Gd to Cel®* and Ce2’”. The transition
from the excited 6P7/2 state to the ground 857/2 state
occurs only by radiative decay since the energy gap be-
tween these two states is too large to be compensated by
multiphonon emission. The radiative decay rate (1/75) of
the excited 6P7 /,2 state has been measured for many Gd
compounds [15,18,23,27,28] and has been reported to be of
the order of ws to ms. Thus the decay of the excited 6P7/2
state can be expressed by the summation of the radiative
decay and the effective transfer rate to the two Ce>* ions.
The excitation wavelength of 313 nm overlaps to the
absorption band of the lowest excited 5d state of Cel’*,
the second lowest excited 5d state of Ce23*, and the
excited ‘SPU2 state of Gd. Thus the decay curve, (1),
excited at 313 nm (emission at 420 nm) can be fit with the
following equation:

I(£) = N}*(0) exp( - é) £NZ*(0) exp( ~ 51)

Pl
DA

+ Ng*(0)—
> ~ (W3 + Wga + W3R

X {exp[ - (Wg + Wia + ng‘)t]

g e

where the first and the second terms represent the direct
emission from Cel®* and Ce2®* centers, respectively.
The decay constants for the Ce1** (22 ns) and Ce23* (5
ns) emission are taken. from the decay constant obtained
from the decay curves excited at 284 and at 300 nm (Fig.
7). The third term is taken from Eq. (7) and represents the
energy transfer from the °P, ,, state of Gd** to Cel’*.
The Ce2?* emission produced by the transfer from the
‘SPU2 state is ignored. As shown in Fig. 9, the decay
excited at 313 nm is well fit with Eq. (9), which can be
decomposed into three curves, each of which represents a
term in Eq. (9). From the fit with this equation, a decay
rate for the excited °P, , state of Gd**, WS + Wll +
WE2 of ~ (160 ns)™" is obtained.

Two other excited states, 'SPs/2 and 6133/2, were excited
at 308 and 302 nm for 2.5% GSO. When exciting at 308
and 302 nm, not only the ‘SPs/2 and ‘SP{‘/2 states of Gd>*
but also the excitation bands of Cel** and Ce2?* are
excited. The decay curves excited at 308 and 302 nm did
not show long components and are composed of Cel®*
and Ce2’* decays. This is probably because the absorp-
tion intensities of Cel’* and Ce2’* at 308 and 302 nm
are much stronger than the absorption of these excited
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Fig. 9. The decay curve of 2.3 mol% GSO (closed circle). The
excitation and emission wavelengths are 313 and 420 nm. The
data were fit with Eq. (9) (solid line through the data points). The
decay was decomposed into three curves, each of which represents
aterm in Eq. (9).

states of Gd3*, and as a result it was difficult to observe
the transfer effect due to these two excited states on our
short time scale.

3.3.2. Transfer from the °I, states to Ce’*

Next consider the energy transfer from the excited I
states of Gd** to Ce>*. Because of our energy resolunon
(~ 1.7 nm), each state of the ° [, multiplets, which usually
have much smaller energy separation {20], could not be
excited separately Here we treat the 61, muluplets as a
group. The © [, multiplets decay radlatlve[y to the 57/7
ground state and non-radiatively to the P, multiplets by
phonon emission. The non-radiative decay rate from the
I, multiplets to the P, multlplets is a little faster than
the radiative decay rate from the Ij multiplets to the
ground state, as has been shown for YOCl:Gd and
LiYF,:Gd [29]. However, the total decay rate of the (’IJ
multiplets of Gd** is much longer than our time scale
(<1 ps) for gamma-ray etcxtauon Based on the assump-
tion that the decay rate of the I, multiplets of Gd** is
much longer than our times of interest, a similar equation
to Eq. (9) can be used to fit the decay curve excited at 275
nm (emission at 420 nm):

16) =857 (0) exo| - 5

11
DA

# N (0)

>~ (Wg +wil)

t
X {exp[—(Wé + Wéf,\)t] - exp[— 5]},
(10)

where the first term represents the direct emission of

Ce1®* since the wavelength of 275 nm corresponds to the
absorption band of the second excited 5d state of Cel“,
The second term represents the transfer from the I,
multiplets to Cel’”. The transfer from the °I, multiplets
to Ce22* 15 ignored because the spectral overlap between
the excited I, multiplets and the absorption band of the
second excited 3d state of Ce2** is small.

Fig. 10 shows the decay curve excited at 275 nm
together with the curve fit by using Eq. (10). Two decom-
posed curves, each of which represents the individual
terms in Eq. (10), are also shown. The decay time of the
excited °I, multiplets, (W} + WL )™, is obtained as 15
as.

3.3.3. Concentration dependence of the transfer rate

The amount of the build-up observed for the gamma-ray
excited decay curves shows a concentration dependence on
Ce (Fig. 2). As the Ce concentration increases, the degree
of the build-up decreases. Similarly, build-up is observed
(for 2.5% GSO) with UV excitation (at 275 nm). The long
component in the gamma-ray decay was also observed
with UV excitation into the 6P7/: states at 313 nm and this
UV-excited, long decay component was found to be simi-
lar to the long decay component of the gamma-ray excited
decay curve. This agreement suggests that the build-ups
and slow components of gamma-ray excited decay curves
could be associated with the energy transfer from Gd** to
Ce’*. Here we attempt to study the concentration—depen-
dence of the transfer rate for the I, states. The concentra-
tion—dependence of the Pj excited states could not be
examined because of the short beam period (~ 170 ns)
with the synchrotron source. '

To study the concentration—dependence of the transfer
rate, the decay curves excited at 275 nm were measured
for various GSO samples. Fig. 11 shows the decay curves
of five GSO samples (closed circle) excited at 275 nm.
Also shown with each decay curve is a curve fit with Eq.

105 E 3 i [} p
E Ex. 275, Em. 420 nm  J
X (Gd absorption line) ]
104 6], > Cel
I (15 ns) ]
[— - B 4
> L N P
o .
o} K 1
0 / E
I Prompt Cel emission O]
ro (22 ns) N
102 b L — . =
0 40 80 120 160
Time (ns)

Fig. 10. The decay curve of 2.5 mol% GSO excited at 275 nm
(closed circles). The data are fit with Eq. (10) (solid line) and
decomposed into two curves, representing each term in Eq. (10).
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-=-Fig. 11. The decay curve of five GSO samples excited at 275 nm.
All curves have an emission wavelength of 420 nm.
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(10). The decay constant of Cel** for each sample was
. Jbtained from the data in Fig. 3. The decay curves of these
‘%.1ve GSO samples are well fit with Eq. (10). The transfer
rates from the excited 61, multiplets to the Cel®* were
= letermined for each GSO sample (Table 2, column 3).
< The decay rates of the excited °1 ; states, that is (W} +
Wgh), are displayed in Fig. 12 as a function of Ce
~_ oncentration. Although the concentration of trivalent Ce
jzoncemration was not measured, we assume that Cel**
concentration is proportional to the total Ce concentration
- _"btained from chemical analysis. As expected, the decay
- ute, (W5 + W(L), depends linearly on the total Ce con-
Centration. The straight line intercepts the vertical axis at
-*bout 1 X 107 s™'. This implies that W, which is inde-
.= =ndent of Ce concentration, is about 1 X 107 s~!. How-
" ®ver, in many other Gd compounds, W is much slower
than 1X 107 s™' (14,18,23,29]. Thus, the fast rate of W
= ight be due to the energy transfer from the °I y States to
' ¥ftienching centers such as Gd traps or other impurities,
~hose contribution was not taken into account in deriving
"1 1. (10). The possibility of energy transfer to the Gd traps
" = discussed elsewhere [25].
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Fig. 12. Transfer rates from the 61, multiplets of Gd** to Cel’*.
The horizontal axis is the total Ce concentration.

3.3.4. Transfer from the °D; state to Ce’*

A sample of 2.5 mol% GSO was excited at 254 and
247 nm into the excited 6D, states. The two wavelengths
correspond to the excitation of the GDJ multiplets and the
absorption band of Cel’* located at 250 nm. Since the
Cel®* absorption intensity at 250 nm is much stronger
than the Gd absorption intensities at 247 and 254 nm, the
decay curves excited at 254 and 247 nm were the same as
the decay curve excited at 284 nm and no effect due to the
transfer from Gd to Cel was observed on our short time
scale.

4. Discussion

In the last section, data on the decay of Ce** from the
excitation of the 6P,, GI, and 6DJ states of the Gd** ion
were analyzed. A build-up and a long component were
observed in the Ce* decays when °I, and °P; states of
Gd** were excited. This observation suggests that the
build-up and the long component seen in the gamma-ray’
excited decays may be associated with the energy transfer
from °I, and °P, states of Gd>* to Ce®*.

. Jecay times for different GSO samples. Decay times of the GIJ states of the Gd*>* (column 3) were calculated from the UV-excited decays
. L fitting Eq. (10). Decay times of the °I, (column 4) and ®P, (column 5) states were also obtained from the gamma-ray excited decays

- -ng Eq. (11). All the decay times are given by their reciprocals (in ns)

~ ‘ample Nominal (Wi +wilH? (Wy + Wil)! (WE+ Wik +wii)!
- Ce conc (uv) (gamma) (gamma)

= " (mol%) (ns) (ns) (ns)
B 0.1 - 194 736
PR 0.5 43 52 397
 — 1.0 31 29 340
. 1.5 23 23 308
R | 2.0 . 17 18 232
25 15 16 220
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To test this speculation, we attempted to explain the
gamma-ray excited decays. We assume that Ce3* is ex-
cited either by the energy transfer from Gd®* (delayed
emission, process 2)) or excited promptly (< 1 ns) [30] by
any of several mechanisms including exciton capture (pro-
cess 4)) or a prompt electron—hole recombination process
(process 5)). We also assume that the excited state,
(Gd**)*, of ®1, and °P, states are promptly created and
then energy is transferred mostly to the Ce?*. The energy
transfer from the higher excited states of Gd** to Ce** is
ignored since the spectral overlaps between those states
and Ce3* are relatively small. The time required for the
(Gd3*)* and (Ce** )* to be created is very short (1 < ns)
on our time scale, and it is assumed that (Gd>*)* and
(Ce3*)* are formed at t=0. The non-radiative energy
transfer from vacancies or traps to the Ce’* (process 3)) is
ignored.

Using these assumptions, the Cel** decays of various
GSO samples excited by gamma rays were fit with the
following equation:

Mo=mwmu4—$)

1
11

+ N5 (0) oA
— - (W W)
T
1 11 t
X {exp[ = (W + Wik )t] — exp -
1
Pl
+NE*(0) =

— = (WE+ W+ W53
;

X {exp[ —(Wg+ Wl + wE2)e]

t
—exp[—?l]}, (11)

where 7, represents the decay constant of Cel’* and is
taken from the data of Fig. 3. The first term of Eq. (11)
represents the prompt emission from Cel®* created by
processes 4) and 5), the second term represents the Cel**
emission populated through the °I, multiplets of Gd**
and the third term represents the Cel?* emission popu-
lated through the °P, multiplets. N.*(0), N[*(0) and
NE*(0) are the populations of excited Cel’*, of the ex-
cited 61, multiplets and of the excited 6P, multiplets, at
¢t = 0. The curve from fitting the data for 2.5 mol% GSO is
shown by the solid line through the data in Fig. 13. The
decay curve is also decomposed into the three separate
terms of Eq. (11) in Fig. 13. As seen in Fig. 13, the
gamma-ray excited decay curve is reasonably well fit.
Without the first term of Eg. (11), the decay curve could
not be well fit. The best fit parameters are given in Tatle

103 [ [ [}
Prompt Cel emission
(22 ns)
104 - I 81, > Cel —
@ l (16 ns)
=
g I
) | bp, > Cet
(220 ns)
103 - LS —
i Gamma ray ~ -
3 (2.5 mal%)
102 E 1 \ | {
0 100 200 300 400 500

Time (ns)

Fig. 13. The gamma-ray excited decay curve of 2.5 mol% GSO

(closed circles). The data are fit with Eq. (11) (solid line through

the data) and decomposed into three curves, representing each
term in Eq. (11).

2. Columns 4 and 5 in table 2 show the decay rates of the
%1, multiplets and of the P, multiplets calculated from
the decay curves excited by gamma radiation, respectively.
The values in column 3 agree well with those in column 4,
suggesting that the initial build-ups of the gamma-ray
excited decay curves are due to the non-radiative transfer
from the °I, multiplets of Gd** to Cel**.

The N.1*(0) and N3*(0) can be calculated from the
fitting curves. The N.*(0) is the coefficient of the first
term of Eq. (11), and the N3*(0) is calculated from the
coefficient of the second term of Eq. (11). An interesting
comparison is made by taking the ratio of the N.*(0) to
the NS*(0). These ratios are displayed against Ce concen-
tration in Fig. 14. The N5*(0) denotes the population of
the excited 61, multiplets which transfer energy to the
Cel®™ and is used as a denominator in calculating the
ratios, assuming that the excitation probability of the GI,
multiplets of the Gd** is essentially constant from sample
to sample. This assumption is reasonable since the Gd

Calculated from
1| gamma-ray excited decays

N A(0) /N ,(0)
o
o
T

(Gd,, Ce,)(Si0,)0

) ! I
0 0.002 0.004 0.006 0.008 0.01

Ce concentration (x)

Fig. 14. The ratio of Cel population to Gd population (81, state)
at time ¢ = 0 as a function of total Ce concentration.
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concentration is almost the same for each of the measured
= GSO samples. As can be seen in Fig. 14, the ratio of
N.*(0) to N2 (0) depends linearly on the total Ce concen-
tration. This linear dependence shows that the probability
— of prompt exciton capture or prompt electron—hole recom-
bination at Ce1?* is constant. It also shows that the rates
of prompt exciton capture or prompt electron—hole recom-
< bination at Ce1’* increase linearly with the increase in the
Ce concentration in GSO.
The gamma-ray excited decay curve of each center was
_ measured at 15 K (Fig. 15). The decay of Cel** contains
" both the build- -up and the long decay component, similar to
the data taken at room temperature. The decay of Ce2’*,
= however, does not show the build-up. The Ce2 decay
~seems to contain a fast decay component, probably due to
~__the prompt emission, and the long decay component, which
'&1s similar to the long decay component of Cel decay.
“=-Thus, these results support our assumption that the 61,
states do not feed the Ce2 center.
:=: In analyzing these gamma-ray excited decay curves, the
‘wffect of the non-radiative transfer from the vacancies or
traps to Ce1** (process 3)) were ignored. Nonetheless, the

“w.eproduced. These results suggest that the non-radiative

energy transfer from Gd’* to Cel’* and the prompt
‘Ce?*)* creation by any of several mechanisms are the
ﬁ; nain processes in exciting Cel** at room temperature

where most gamma-ray excited decay data were taken. The
= origins of the two decay constants previously observed
/ith gamma-ray excitation [2] can be attributed to the
“non-radiative transfer from Gd3* to Cel3*. Among the
five probable processes for exciting the Ce3* (discussed in

l“'

Mﬁ\ \f

 ection 3.1), processes 2), 4) and 5) seem important. The
“Bverall scintillation mechanism for GSO can be summa-
_rized in Fig. 16. The role of Gd is to capture energy from
)mzmg radiation and to transfer it to Ce3* ions. How-
er, the energy transfer from Gd** to Ce®* causes slow

HHI
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- 109 T T T T
10‘ b=
z
=]
=3
[=}
_ Q
o 10k
— with S40-400
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102 M I i { 1
0 100 200 300 400 500
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. 15. The gamma-ray excited decay curves of Cel and Ce2
emissions at 15 K (from 2.5 mol% GSO).

== Prompt excitation
--- Energy migration
~— Energy transfer

Fig. 16. Scintillation processes in GSO.

scintillation decays, which is not desirable for applications
involving fast timing. The details of the prompt creation
process of the excited states, (Gd>*)* and (Ce®*)*, have
yet to be investigated.

5. Summary

We have shown that the gamma-ray excited decay
curves of GSO have initial build-ups as well as long decay
components. We also have shown that the amount of
build-up in the gamma-ray excited decay curve decreases
as the Ce concentration increases.

As a possible explanation for the build-ups and the long
decay components of gamma-ray excited decay curves, the
non-radiative transfer from Gd** to Ce* was investi-
gated using a UV light source. The UV-excited decay
curves of GSO showed that the energy transfer from the
excited ®1, multiplets of Gd>* to Ce3* produces the
initial bulld -ups and that the energy transfer from the
excited P, multiplets of Gd** to Ce* creates the long
decay components. This observation for the UV-excited
decay curves leads to the speculation that the initial build:
ups of gamma-ray excited decay curves from GSO are also
due to the energy transfer from Gd>* to Ce*.

We successfully fit the gamma-ray excited decay curves
using three terms, which represent the Cel“’ prompt
emission, the energy transfer from the excited 81 7 multllets
to Cel®* and the energy transfer from the excited P,
multiplets to Cel**. The decay rates of the 81 ; multiplets
obtained from the gamma-ray excited decay curves agree
with those obtained from the decay curve excited at 275
nm for various GSO samples, supporting our assumption.

The population of initially excited Ce1**, N, l*(O) was
compared with the populatlon of initially excited I mul-
tiplets of Gd**, N}*(0). This comparison showed that the
ratio, N*(0)/N} (O) linearly increases as the total Ce
concentration increases.

The origin of the two decay constants observed with
gamma-ray excitation in GSO can be ascribed to non-
radiative energy transfer from Gd** to Ce®".
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APPLICATION OF CONTINUUM ANALYSIS TO BOREHOLE GAMMA-RAY SPECTRA OBTAINED
FROM THE GERMAN CONTINENTAL DEEP DRILLING PROJECT

ALAKH N THAKUR, JAMES R ARNOLD, AND JEFFREY S SCHWEITZER'

California Space Institute and Department of Chemistry
University of California, San Diego, La Jolla, CA 92093-0524, USA.

' Schlumberger-Doll Research, Old Quarry Rd., Ridgefield, CT 06877-4108, USA.

ABSTRACT

Neutron induced gamma-ray spectra from borehole rock at several depths were analyzed as test
samples to evaluate the usefulness of continuum spectra in deriving chemical composition information
from gamma-ray spectra of thick target sources. A fast Fourier transform technique has been used
to estimate the signal content of selected energy bands of the continuum spectra. Monte Carlo
calculations of the modeled borehole data have been performed using the major gamma-ray energy
sources to generate the corresponding detected gamma-ray spectra. Borehole spectra are compa_red
to the simulated spectra to check the consistency of the signal distribution between the peak and the
continuum. For a chosen gamma-ray line, we calculate the continuum above and below that line to
ﬁnd-what fraction of the lower energy continuum is due to that line. The accuracy of the relative
elemental concentrations determined by this method is confirmed through comparison with laboraiory
XRF elemental analysis of cuttings and core samples from the well. A number of tests show that using
the continuum could greatly increase the sensitivity and precision of the measurement of elemental
concentrations determined from gamma-ray spectra of thick target sources, for spectra having peaks
of poor statistical significance. However, for thin target sources or spectra with very good statistics

in their peaks, this method may not be very advantageous. This example illustrates the value of this

_ procedure, proposed by Thakur and Arnoid (19383).
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INTRODUCTION

Gamma-ray spectroscopy is a widely used technique to measure nuclide and chemical
corﬁpositions of a variety of condensed materials. Major applications include radiological protection,ﬂ
environmental and fallout studies, biological and biomedical investigations, geological dating,
environmental risk studies, atmospheric transport surveys, planetary mapping, neutron activation and »
nuclear reaction studies. - | : |

In parallel with the development of high-purity germanium detectors of increased efficiency and
improved resolution, new techniques have been developed for applications of gamma-ray spectrometry
which involve the measurement of very weak or unstable sources. Were it not for the continuum, the
analysis of most peaks in a gamma-ray spectrum would be a very simple and straight forward matter
of summing counts. Even very tiny peaks could then be easily analyzed. However as Op de Beeck
(1979) has indicated in the framework of information theory, the germanium detector is a very poorv
transducer and most of the mono-energetic photons that interact with the detector are registered at
channels in the spectrum other than those corresponding to the full energy peak. This creation of a
continuum component (traditionally known as a background component) at energies lower than the
peak energy is further complicated by several dther processes; for example secondary photon
interactions or photons arising from interactions with the material sdrrounding the dete-ctor, an
especially important effect in measurements on extended samples. The important point here is that
all these effects can be assigned to the mono-energetic gamma-rays arising from a pai’ticular chemical
source. The only contributor to the continuum not due to a chemical origin is bremsstrahlung.
However this phenomenon is not significant in the energy range of 1-10 MeV considered here.

This approach to understanding gamma-ray spectra by using the continuum has been reported
in several previous studies. The orbital gamma-ray spectra obtained during Apollo 15 and 16 have
been examined for the possibility of obtaining concentrations of iron, titanium, aluminum, oxygen and
silicon by matrix inversion of various energy bands (Davis and Arnold, 1979). The study concluded

that given the resolution of Apollo gamma-ray data, oxygen and silicon concentrations do not vary
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enough on the lunar surface to change appreciably the count rate of any energy band. A similar
conclusion was reached using library function analysis (Bielefeld et al., 1976). Davis (1380) obtained
reéults in good agreement with regional ground truth concentrations by a linear regression analysis'.
Metzger and Parker {1979} have also used fixed energy bands, of width 0.42 MeV for titanium and
1.63 MeV for iron, to get continuum information.

In this paper we investigate the cdﬁtinuurﬁ by taking as e*émples neﬁtron activation gamma- .
ray spectra {(both prompt and delayed) of crystalline rock obtained in a borehole with a germanium
spectrometer. The composition of borehole formation rock can be estimated by the spectroscopy of
neutron-induced gamma rays as is done in laboratory neutron activation analysis. The technique relies
on the prompt emission of one or more characteristic gamma rays that accompanies the capture of
thermal neutrons by most of the formation nuclei. Spéctroscopic detection of these gamma rays
allows the identification of the nuclei and a quantification of their abundances. Some important
distinctions can be made between activation analysis done in a borehole and in the laboratory. In the
laboratory, a stable and intense souree of neutrons irradiates a small sample and elemental standards
that are surrounded by an efficient detection system. In the borehole, or in other non-laboratory
applications, such as planetary measurements a relétively weak and sometimes variable source is used
to irradiate a semi-infinite sample whose properties alter the activation flux. The resulting gémma rays
are measured by a gamma-ray detector, which is, by necessity, geometrically inef;‘icient. Despite these
obstacles, accurate elemental concentrations are required.

A great deal of research has been performed (Schweitzer, 1991} to better gquantify the
precision and accuracy of elemental concentration measurements and to add significantly to the current
list of elements that can be measured in the borehole. Use of efficient, optimized detectors is one such
strategy (Schweitzer et al., 1993; Mills et al., 1991). [n this report we examine the ways to improve
the accuracy and sensitivity of such statistics-limited data by using continuum information. Because
our approach is' not traditional, we must use some terms in an unfamiliar way. Here much of the

continuum, and nearly all its variations over the formation surface, is "signal™ rather than noise or
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background. We use "background™ to mean counts due to non-nuclear events {meson interactions,

bremsstrahlung) and those not originating in the formation target.

METHOD

- How and where the spectra wefe obtained

The borehole data were obtained from the pilot hole of the German Continental Deep Drilling
Project (KTB) (Draxler, 1992) in Windischeschenbach, Germany. The data used here were obtained

1o evaluate the enhancement to elemental concentrations that could be determined in situ compared

. with what could be obtained with scintillation detectors (Grau et al. 1993, Schweitzer et al. 1834},

The diameter of the borehale is 15 cm. Itis filled with water. The detector is a high purity germanium
(HpGe) crystal of approximately 5 cm diameter and 5 c¢cm length and is shielded from neutrons by
tungsten and boron carbide. This detector has a characteristic efficiency of ~16 % for the cobalt line
at 1.3325 MeV.

Two types of neutron spectra were obtained. Prompt gamma-ray spectra from thermal neutron
capture reactions were obtained with a pulsed D,T generator. The spectra were only accumulated
after each pulse of neutrons was completed, eliminéting gamma-rays from inelastic scattering and high-
energy (n,x) reactions. These are referred to here as "C" spectra. Each "C" specirum was
accumulated for 20 minutes, consisting of 60 20-second individual spectra. Ov_er most of the energy
range to 8 MeV, resolution was approximately 12 keV. Spectra of delayed gammé-rays produced in
the decay of residual radioactivity were obtained through the use of a 2°2Cf source (~ 10® n/s) located
5.02 m from the Ge detector. These are referred to here as "A" spectra. The "A" spectra resulted
from a 10 minute irradiation, a 20 - 30 s delay until the detector was positioned opposite the irradiated
region and a 10 minute detection time, again broken into individual 20 second accumulations to allow
half life analysis of individual peaks. These spectra had an energy resolution of ~ 3 keV.

Even though the D, T generator produces essentially mono-energetic 14 MeV neutrons, the '

process of neutron slowing down to thermal energies, primarily through interactions with hydrogen and
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other light nuclei, creates a spatially varying thermal neutron flux at different depths in the borehole.
A procedure for dealing with this variation has been described previously (Grau and Schweitzer, 1989)
but must be accounted for when analyzing data obtained at different locations, since slowing dowﬁ
properties are sensitive to variations in porosity and mineralogy, and thermal neutron capture
probability is affected by changes in the macroscopic thermal neutron absorption cross section (either

in the borehole or the rock). In addition, thé_ neutron flux is altered'by changes in the,céometry of the

borehole.

The delayed activation and capture spectra

An "A" spectrum obtained in this borehole, showing the delayed activity produced from thermal
neutron capture reactions, is given in Figure 1. In this figure, spectral contributions from V, Mn, Ca
and Na are evident, though their intensities are about two orders of magnitude lower than the
aluminum peak at 1.778 MeV. Most of the analysis reported in this work is based on neutron capture
"C" gamma-ray spectra. Focussing only on those elements associated with the rock matrix allows a
measurement of the concentrations of Si, Ca, Ti, Fe, and Gd (Ellis, 1990). A neutron capture "C"
spectrum, integrated for twenty minutes, is plofted in Figure 2. Several lines are identified. The
hydrogen capture line at 2.2233 MeV is most prominent; the silicon capture line at 4.934‘ MeV and
the doublet from iron capture near 7.646 MeV can also be observed. The *°Ca line at 6.42 MeV is
almost invisible.

In our analysis we use only spectral intensities (peak, continuum) when the properties are from
an individual spectrum and the factors needed to relate peak intensity to elemental concentration are
the same, and thus cancel out in any comparison. However, when comparing a property of one
spectrum with either another type of measurement (C with A} or with a laboratory measurement of
concentration, we have "normalized” the spectral result by the necessary geopﬁysical parameter

values.
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- Analysis of th mma-ray peak
The peak intensities are first estimated using the Ganymed program {Yadav et al., 1989; Kruse,
1979), an interactive graphics computer program for peak analysis. The peak intensities obtained heré
are in good agreement with those obtained previously (Schweitzer et al., 1993). Ganymed has been
_in use at the Max Planck Institut fir Chemie, Mainz for many years, _mainly for neutron activation
st analysis, and it has been improved to handle a number of special applications such és spectra from

radiation damaged detectors, multiple peaks, and other peculiar peaks (Boynton et al., 1992). In order .

{:

to fit the peaks in a spectrum, two fitting parameters, sigma and rho, can either be preset or are
— subject to an automatic fitting procedure. Sigma gives the width of the Gaussian portion and rho gives
B the point where an exponential tailing, on the low energy side, is smoothly connected to the Gaussian
- curve. If there is no tailing then rho is infinitely large. Rho and sigma are described by a linear
= relationship: an intercept and slope as a function of energy. The energy dependence of the full width
at half maximum (FWHM) is a property of a particular detector. Figure 3 is the peak area determined
- by the Ganymed code at two energies, 7.646 MeV and 5.515 MeV, due to Fe (n,y) and Ca (n,y)
. reactions, respectively. We choose these two lines in the high energy region because they are the
= strongest high energy lines for each element, and fhere are no significant interferences observed from
— other lines. Variations with depth are caused by small timing and flux variations aé well as
compositional changes.
=
= The Fourier transform approach
= A detailed descripfion of the procedure has been given previously (Thakur and Arnold, 1993).
;ja First, a quantitative estimate of all the peak intensities were obtained with the Ganymed program.

Elements were then identified by using a nuclear database library. These lines were subtracted from

the gamma-ray spectra in the energy domain. This is straightforward and does not seem to pose any

— difficulty. If the lines were not removed in the energy domain, they would produce a high frequency

signal in the frequency domain. Although it may not be necessary for the continuum analysis, when
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significant, the peaks are recorded and removed before proceeding.

Monte Carlo Simulation of borehole data

Monte Carlo simulation has become a standard method for accurately predicting the response
of nuclear well logging tool_s (e.g. Soran, 1988; Ullo, 1986; Pinauilt, 1991; Ghanem et al., 1993; Couét
and Hertzog, 1992). A variety of general and specific purpose Monte Carlo codes ére routinely used
by nuclear tool designers and those interested in the study of subsurface formations with nuclear logs.
Following those examples we performed a Monte Carlo simulation of a borehole of appropriate
geometry to the KTB pilot hole. Natural alumino-silicate composition with 0.5 % water was assumed.
We have u§ed two different codes, MCNP {Briesmeister, 1986; Hendricks and Briesmeister, 1992) and
ITS (Halbleib et al., 1992a; Halbleib et al., 1992b). Both codes were run on a Sun Sparc 10
workstation and on an Intel-486 based PC. The Monte Carlo model treats all components of the
photon, electron and positron cascade initiated by the incident gamma rays. Photons, positrons and
electrons were tracked until they either escaped from the detector or reached below a cut off kinetic
energy of 1 keV, at which point the particles were considered to be stopped. Compton scattering,
photoelectric absorption and pair production are taken into account in tracing the histories of the
primary and secondary gamma-ray photons.

No variance reduction was attempted in the simulations since the reduction of computer time
was not a critical issue in obtaining sufficient precision in the Monte Carlo calculation. A comparison
between the calcuiated gross spectrum and a borehole spectrum shoWs good agreement. Figure 4
compares the continuum spectrum calculated with the Monte Carlo mpdel with the experimental data.
The simulation is seen to be imperfect but adequate for method development. Some discrepancies are
due to poor discrimination between direct neutron interactions and gamma rays in the vicinity of
intense peaks; small errors in detector resolution or in peak shapes (in the model, peaks are represented

by Gaussian shapes) may induce large errors between the experimental and calculated spectra.
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mparison between continuum and peak ratio responses in the calculated and experimental spectra
Borehole spectra are compared to the simulated spectra to check the consistency of the signal
distribution between the peak and the continuum {Thakur and Arnold, 1993). The major gamma-ray

energy line sources used to calculate the corresponding continuum spectra are given in Table 1. For

the continuum an energy band for each corresponding line was extracted from beneath the peak down

until just above the next-lowest energy gémma-fay line. The true continuum in a stated region is"'
evaluated by subtracting the linearly extrapolated value of the continuum from energies above the line.
A true peak area includes first and second escape peaks, except at lower energies where first and

second escape peaks become insignificant.

'RESULTS AND DISCUSSION

Both delayed as well as capture spectra continuum are found to obey the Poisson statistical
distribution. All analyses are done both in energy and frequency space for consistency and re!iability.‘
The analysis of 87 capture spectra in energy space at different depths produces a correlation (R
squared) of 0.881 for the 7.646 MeV peak (Figure 5a) and 0.865 for the 5.515 MeV peak (Figure 5b}.
This correlation of continuum to peak area slowly becomes worse at lower energies due to interfering
peaks. Continuum to peak ratio at eight energies is listed in Table 1. The scatter in the individual ratio
can be visualized by the standard deviation listed in the fifth column. However, mr;»st of the errors can
be assigned to errors associated with determining peak areas and not to the continuum. The 0.511
MeV photon annihilation peak has higher uncertainty, probably because of the presence of the 0.4776
MeV capture gamma-ray line from the boron in the baron carbide slee\(e, which was not separated in

the analysis.

The energy bands

The opportunity to extract the information from a continuum signal using the Fourier transform

approach is based on the fact that transform components are {ideally} un-correlated and can be thus
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encoded independently. Different energy regions can be allotted to the continuum associated with
each corresponding line, and in this paper we refer to this assignment process as the band method.
The Fourier transform code processes the signal frame by frame for any arbitrarily selected wind0v;/
size and position. In an earlier study by Thakur and Arnold (1993}, a 1 MeV energy band width was
found capable of distinguishing several corresponding windows of the two thick target gamma-ray
spectra, since the detailed shapes of the'-two spectra arev differéht. Obsefving such differ(;nces in'
energy space would be difficult. Going to-smaller window size, however, quickly diminishes this
advantage; at 100 keV it almost disappears. For each individual spectrum, however, a better energy
band corresponding to a given source can be devised depending on the positions of prominent lines

in the spectra (Table 1).

FFT shows Power lies in first few frequency channels

We present as examples spectra obtained from two borehole depths i.e. 1170.00 meters ana
1418.71 meters. An energy band for each corresponding line was extracted down until just above the
next lowest energy line appears. Figure 6a shows parts of two sample spectra between 6.15 and 7.65
MeV. These two spectra have Fe, Ca, Si lines and are such that the line intensities of the iron

neutron-capture lines at 7.646 MeV that are statistically not distinguishable, with peak areas calculated

-as 1779+63 and 1844 +71. Although the average channel by channel difference of the two lies

above zero, it only represents the signal in zeroth frequency. There is more information in the next few
frequencies. The frequency domain magnitude of the two sample spectra, with a stretched view of
the points in the lower frequency region, is given in Figure 6b. Comparison of Figures 6a and 6b
shows how easy it is to distinguish the Compton continuum signal from noise in the frequency domain,
compared to working in the energy domain, especially with a difference of small statistical significance.
Thg Fourier transform of the difference reaches very high values at low frequencies, corresponding to
the small differe.nces i'n the continuum. Above the first few frequency channels, it decreases rapidly

to the background. A reconstruction of the continuum difference from the FFT is discussed in Thakur
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and Arnold (1993). Successive addition of the lower frequency channels improves the result up to
about the fifth channel. Afterwards it does not significantly enhance the observation while
meaningless (noise) fluctuations become visible. This is how a cutoff point is estimated. The cutoff

channel has been found to be less than eight in all cases.

Successive addition of the sgectra of 20 se(;onds each

We tested specially two sets of spectra, 60 each, of 20 seconds counting time obtained at
depths of 1157 meters and 1539 meters. Each six consecutive spectra were summed on a8 channel
by channel basis to obtain spectra, each with 2 minutes total counting time. We thus have two sets
of 10 spectra each at two depths 1157 and 1539 meters.

Si and Fe peak areas at 4.‘934 MeV and 7.646 MeV, respectively, were determined by the
Ganymed program for gamma-ray spectrum analysis. The ratio of these two lines with their Poisson
errors are plotted in Figure 7a. Continuum intensity estimates for these two lines were obtained in the
energy domain. The Fe/Si continuum ratio, with 99% confidence error limit, is shown in Figure 7b.
Comparing these two plots clearly demonstrates the advantage of using the continuum data in such
a statistically limited case, both in terms of the scatter of and confidence in the measurement. The
improvement in the statistical uncertainty is consistent with the ratio of continuum to peak -counting

rates, on the order of 100.

Calcium Results

Ca is a very interesting case for demonstrating the usefulness_ of this technique. A peak due
to Ca-49 with a half life of 8.7 minutes occurs at 3.084 MeV in the A spectra and has no interference
from any other peaks in the vicinity. In C spectra a line due to Ca-40 occurs at 6.42 MeV (easily seen
in the 1740 minute spectrum). Howeverin 20 minute C spectra the Ca peak to noise }atio is very poor
(Figure 8). The peak often cannot be seen, and there are small Fe peaks nearby. This makes it a

suitable candidate for using the continuum analysis to make a meaningful study of the variations of

10
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Ca in the borehole rock.

Four continuum spectra of Ca are given in Figure 9a. These are normalized to the average of
all the spectra for easy comparison. Figure 9a shows two 20 minute C spectra, with high and los)v
calcium, respectively, as predicted from the elemental concentration determined from the
corresponding A spectra. Five 20 minute spectra having higher Ca content (with varying individua_l
values} were summed to obtain 100 minu;es of accumulation time, and another ﬁ_v‘e'spectra wefe‘
similarly summed for lower Ca content. g

Although for the 100 minutes counting time set the variations in the Ca continuum is clearly
visible, they do have high errors. On the other hand for the 20 minutes counting time, the effects are
barely seen. All four sample spectra shown in Figure 9a are Fourier transformed and their magnitudes
are plotted in Figure 8b. All four éan be very clearly distinguished using their magnitude and phase
information. For high Ca the sign of the phase of all the frequency channels shown in the plot, except
the DC, are positive. On the other hand for low Ca they are all negative.

A table of relative Ca concentration as a function of depth was thus generated using the fast
fourier transform of the continuum and appropriately normalizing the resultant values. These
continuum values were then compared to the Ca peak analysis results obtained from the A spectra and
are shown in Figure 10. Ca peak areas from the A spectra are corrected for spectral a's well as
geophysical contributions. There are a number of things to keep in mind here. é"xrst of all the depths
in the two cases, namely A and C, are not exactly the same. Typically the differences in the depths
are within a meter. A weighted average value of Fhe relative Ca line intensityv from nearest neighboring
depths was obtained as a best approximation for the A spectra and was compared to the Ca continuum
from the C spectra. The errors in the Ca peak areas obtained from the A spectra are between 10 and
45 percent. Despite these difficulties and unknown effects from the fact that these two spectral types
involve slightly different physics, there seems to be good agreement between the fwo calculations,
favoring the vallidity and importance of this approach.

The most desirable thing is to compare the ground truth laboratory assays of the borehole rock

11
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samples with the fourier transform C data, corrected for geophysical variations in neutron flux,
geometry and macroscopic thermal neutron capture cross section. Such a comparison is shown in
Figure 11, where the relative Ca abundance, obtained by this method and appropriately normalized‘,
is compared to the, properly normalized, XRF analysis of the cutting samples {Schweitzer et al., 1933).
Remarkably good agreement is obtained. Ca was chosen because peaks due to this element are very
weak (Figure 8) and the above correlation using the C spectra peak areas is not satiéfactory {Figure
12). To us this is the best test of the method, because the peaks are insignificant and both Fe aﬁd
Si continua are present. A more detailed statistical comparison of this analysis and peak analysis of
capture and delayed activation spectra compared to laboratory XRF analysis of the sémples from the
borehole rock cuttings is given in Table 2. Among all independently obtained results, the one obtained
by continuum analysis of C spectrar is clearly the best. The relative Ca values 6btained by the analysis

of the 6.42 MeV peak of C spectra has the highest uncertainty and scatter in the correlation.

CONCLUSIONS

There are a number of possible ways to further improve this analysis. In this example, the
scatter of the continuum to peak ratio remains within the statistical error limits. It has been found that
this scatter can be further minimized b'y taking into account the scatter in the peak shape; which is
mainly determined by sigma and rho criterion as discussed previously. Other small corrections may
be considered such as scatter in the peak intensity because of contribution from-other undetected
gamma-ray line, changes in the detector response parameters, contribdtion due to delayed neutron
activation and natural radioactivity. These limiting factors should become more noticeable in the lower
energy region.

We believe this method of improving the significance of gamma-ray measurements has broad
applicability. The information is there to be used. It seems likely to be most useful in thick target
observations. Here the continuum to line ratio is much higher than for a thin target, mainly because

of internal Compton scattering. In addition, the exact geometry is less critical for thick targets. This

12
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case occurs in a variety of applications, especially in natural settings, with or without an active neutron
source.

The method is also favored for high gamma-ray energies, for which the peak/Compton ratio i‘s
low. Going down from the highest important energy line, errors must necessarily accumulate.
However, as the example of Ca in our work indicates, it works quite well even for a weak line lying
below two stronger ones.

Historically, spectroscopic studies of extended samples with scintillation detectors rapidly
realized the importance of using information from the entire gamma-ray spectrum (Hertzog, 1 980; Grau
and Schweitzer, 1987 and 1989; Davis, 1980), rather than just the poorly resolvable peaks obtained
with scintil_lation detectors. The advent of germanium detectors provided easily resolved peaks,
seemingly eliminating the need for éva!uating the complex continuum. However, this study shows that
making use of the continuum information obtained with germanium detectors, in addition to that in
peaks, can provide substantially improved statistical results, and, perhaps more importantly, improved
sensitivity for elements which weakly contribute to the total spectral response. These two factors can
be particularly important for measurements performed outside the laboratory environment, such as
planetary measurements and subsurface borehole measurements, where there is often a strong
limitation on the time available for measurement, and the maximum amount of informatioh must be
obtained from the detected counts. It should be noted again that this approach-is particularly useful
for spectra that contain reasonably high energy gamma-rays, i.e., where the total number of counts
in the spectrum from a particular element is very large when compared the‘number of counts contained
in the photopeaks.

Future work is needed to more fully evaluate the robustness of this technique in environments
where the gamma-ray scattering properties of the sample are significantly altered, either through large
changes in sample densities or where variable amounts of intervening material can be introduced
between the sémple and detector, or laboratory measurements where results are very sensitive to

geometry. One such example is in boreholes that have had a steel casing inserted to preserve the

13
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integrity of the hole. Because of imperfect cementing practices, there may be only water or several
inches of cement between the rock being studied and the steel casing that separates the spectrometer
froh the rock. This variation can have a dramatic effect on the shape of the gamma-ray spectrun5
reaching the detector.

Most of the gamma-ray continuum spectrum resuits from nuclear interactions in and around
the detector andrthus it can be used to understand the chemical cofﬁposition. A method has th‘erefore:"
been developed to process the continuum spectra of complex gamma-ray sources. It uses the Fourier
transform, which is a linear operation, to isolate information from the continuum. Here we have used
the neutron indﬁced gamma-ray spectra of borehole rock at several dépths as test samples. The results
from applyi_ng this procedure have been successfully compared to the results from the laboratory
analysis of numerous core samples'. This method with proper calibration provides high sensitivity and
reliable elemental concentration information from thick target sources such as borehole formations and

other complex gamma-ray spectra with weak line intensities.

14
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Table 1

Major gamma-ray line energy sources used to generate the corresponding detector spectra by the
Monte Carlo method (MCNP and ITS code) and the resulting associated continuum. The scatter jn
calculated continuum to peak ratio of the borehole gamma-ray spectra at different energies, and their
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individual standard deviations are also tabulated.

Line Sources Energy [MeV] Continuum [MeV] Continuum/ Standard
Peak area Deviation
ANN. 0.511 | 0.4000 - 0.5150 66.4 373.5
H (n,y) 2.2233 | 0.8507 - 2.2273 397.8 57.6
Si (n,y) 3.56395 | 2.2283 - 3.5435 393.8 48.9
Si (n,y) 4.934 | 3.5445 - 4.9380 304.6 35.2
Ca(n,y) 5.515 | 4.9390 - 5.5190 120.6 45.7
Ca (n,y) 6.42 | 5.5200 - 6.4220 201.8 39.5
Fe (n,y) 7.6455 | 6.1344 - 7.6495 367.0 26.0
Fe (n,y) 89.289 | 7.6505 - 9.3030 352.6 23.4
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Table 2

The statistical comparison of the results obtained by this analysis and a peak analysis of capture and
delayed activation spectra compared to the laboratory analysis of the samples from borehole rock
hat cuttings for calcium.

- Comparison of laboratory analysis data, of Ca using XRF
- ~ technique, of cuttings with the following:
Ca Peak of A Ca Peak of C Ca Continuum of C
= spectra spectra spectra using FFT
technique
— Intercept {Relative Ca) -5.13 16.18 2.38
Slope {(Relative Ca/ Ca Wt %) 11.60 7.69 - 13.66
- Standard Error of Slope 1.03 1.27 0.50
- Standard Deviation 4.09 7.38 1.95
— R Squared 0.598 0.302 0.896
No. of Observations 138 87 87
- Degrees of Freedom 136 85 85
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FIGURE CAPTIONS
Delayed neutron activation spectrum {"A"} with primary gamma-ray peaks identified.

Neutron capture gamma-ray spectrum {"C") obtained with a borehole spectrometer using
a germanium detector.

Peak area of the 7.646 and 5.515 MaeV lines of the C spectra as a function of depth.
The Poisson errors are between 3.6 and 7.9 percent; other errors are present (see text).

A continuum spectrum calculated by a Monte Carlo method is ‘compared to the gamma-
ray continuum spectrum obtained in a borehole.

Comparison of peak area at 7.646 MeV to its corresponding continuum in the C spectra.
The continuum is estimated in energy space and is arbitrarily scaled for convenience.

Comparison of peak area at 5.515 MeV to its corresponding continuum in the C spectra.
The continuum is estimated in energy space and is arbitrarily scaled for convenience.

Two sample spectra having comparable peak areas for the line at 7.646 MeV. First and
second escape peaks are also shown. Peaks are indistinguishable within statistical

errors.

Frequency domain Fourier transform of the two spectra of Fig. 6a. The solid line is the
difference of the two. A difference in the lower frequency region is clearly noticeable.

Fe/Si peak ratio in C-spectra at two depths with a counting time of 2 minutes for each
sample.

Fe/Si continuum ratio of the corresponding lines of Fig. 7a with 99 % confidence error
limit showing improved precision.

Ca peak at 6.42 MeV in one 20 minute spectrum and in all 87 spectra summed together
(1740 minutes).

Ca continuum spectra at depths with high and low relative Ca content with counting
times of 20 minutes and 100 minutes each.

Frequency space transforms of the Ca continuum shown in Fig. S9a. The lower twenty
frequency channels are shown.

Continuum FFT estimates of Ca in C spectra compared with the 3.084 MeV peak area
of the A spectra due to Ca. All values are appropriately normalized.

Continuum FFT estimates of Ca compared to laboratory XRF analysis of borehole cutting
samples. All values are appropriately normalized.

6.42 MeV peak area of C spectra due to Ca compared with laboratory XRF analysis of
borehole cutting samples. All values are appropriately normalized.
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Compact PMTs

Schlumberger-EMR has a line of photomultipliers well suited to well logging
applications in extremely harsh conditions. The expertise was developed and
successfully applied Measurement-While-Drilling (MWD) operations, which subject
the tool and detector to shock levels in excess of 500 g in a continuous fashion, and
high levels of random vibrations. Problems arising from size limitations led to the
development of compact PMTs with similar characteristics but a drastically reduced
size. Tests conducted in 1993 for the qualification of this novel detector showed no
performance degradation while allowing a smaller detector package. An added
advantage was the development of extremely compact power supplies that use the
volume around the electron multiplier structure. This development allowed operation
of the detector to higher count rates than before, with higher reliability and
linearity, while still reducing the original detector size.

The original size of a 1.25" diameter photomultiplier was 4.2" long. The compact
PMT of the same diameter is 2.5" long when fully packaged with its biasing resistor
network' and the shock resistant potting. The integrated power supply brings the
package to 3.1" length with no change in diameter. The power supply delivers up to

2400 V and operates up to 150°C, with a higher temperature version being finalized
in the first half of 1994,

A similar approach is being applied to larger diameter ( 2" - 3" )
photomultipliers. A 3" photomultiplier can be packaged to a length of 3.5". This
technology is being employed in the y-ray detector for the NEAR project.

It is worth mentioning that these photomultipliers were developed for a large
range of temperatures up to 200°C. The photocathodes are being matched to the
various emission characteristics of the scintillating crystals, including, but not
limited to, Nal(Tl), BGO, and GSO ( gadolinium oxyorthosilicate). Detectors including
these scintillators are being successfully used in various applications.

13
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Short

Term Plans

Microchannel Plate (MCP) PMTs

Replacing the multiplying structure in a PMT by a set of Multi Channel
Plates could result in a significant length and weight reduction. MCP-PMTs
provide an imaging capability which might considerably enhance the
performance of present X-ray detection systems. Prototypes of such MCP-

PMTs exist. The performance characteristics of these devices will be
investigated.

Channel Electron Multiplier (CEM) PMTs

The main topic of this investigation is to determine if Channel Eleqtron
Multipliers can replace the classical PMT with an advantage in size, weight,
or performance.

Other solid state electron multiplication devices

There are several possibilities to employ Avalanche Photo Diodes (APDs)
to replace some parts of the multiplying structure in a classical PMT.

Miniature Detectors

Certain combinations of scintillating crystals, compact PMTs, and
integrated power supplies offer unique characteristics of compactness,
reliability, and performance for specific applications. The most promising
combinations will be evaluated. :

Space Qualification of Integrated Power Supplies

The miniaturized power supplies mentioned above have excellent
characteristics of stability, ruggedness, and operating temperature range.
When used with the small size PMTs they use the available space very
efficiently and improve the high count rate linearity. They contain both
passive and active surface mount components. The space worthiness of these
power supplies will be evaluated.

14
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A NEUTRON ACTIVATION GAMMA RAY SPECTROMETER
FOR PLANETARY SURFACE ANALYSIS

J.G. Bradley
Jet Propulsion Laboratory, 306-336
California Institute of Technology
4800 Oak Grove Drive
Pasadena, California 91109

J.S. Schweitzer, J.A. Truax
Schlumberger-Doll Research
Old Quarry Road
Ridgefield, Connecticut 06877

A. Rice, T.A. Tombrello
. California Institute of Technology, 200-36
Pasadena, California 91125

ABSTRACT , : o,

A pulsed DT neutron generator system, similar to that used in commercial well logging, offers the
possibility of performing accurate elemental analyses to depths of tens of centimeters in a few
seconds with the probe on the body’s surface. Through time-phased measurements of the gamma-
ray spectrum synchronized with the neutron pulses, concentrations of hydrogen, carbon and key
mineral forming elements can be determined even with a low-resolution spectrometer. If a high
resolution spectrometer is used, the number of elements measured and the sensitivity for
‘measurement is increased. An implanted probe system, such as in a comet or ice cap penetrator,
would offer the highest possible sensitivity.

An inexpensive neutron probe system based on modifications of the Schlumberger well-logging
system has been proposed for the Discovery/Venera/SAGE Mission to Venus and the Mars Polar
Pathfinder. Preliminary experiments on a simulated Venusian surface indicate that high quality
results can be obtained.

INTRODUCTION

There are a number of planned and contemplated NASA, ESA, and Russian solar system lander
missions that will characterize planets and small bodies over the next ten years. These include
missions to the Moon, Mars, Venus, asteroids and comets. Except for gamma-ray spectrometers,
the existing suite of "demonstrated" instruments can only characterize the first fraction of a
mulimeter of the surface for elemental composition unless drilling or excavating techniques are
used. Cosmic-ray induced activation analysis by gamma-ray counting can determine the
composition of significant volumes, but only with tens of hours counting time for high quality
measurements.

16
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Evaluation of CdTe Detectors for X and y Ray Detection
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P.O. BOX 44, PRINCETON, NEW JERSEY 08542-0044

Abstract:

TELEX: 5106015604 FAX: 609-798-2247

Evaluation of CdTe Detectors
for X and y Ray Detection

Karl-Ludwig Giboni
EMR Photoelectric

15 August, 1994

Cadmium telluride was originally used as X- and y- ray detector material more than
25 years ago. Although a complete understanding of all the effects limiting the
performance of these detectors is still lacking, standard detectors of good quality are
commercially available. Especially for applications in space explorations these
detectors exhibit clear advantages. The properties of these detectors for X-ray
spectroscopy were investigated. Earlier reported polarization effects were not
observed. The detectors can be used at temperatures up to 100° C, although with

reduced energy resolution. At room temperatures the FWHM for the 122 keV °’(
line is of order 5 keV. The thickness of the detectors is still limited to about 2 mm.
These detectors become fully efficient at bias voltages above 200 V. Due to the slow
movement of the holes in CdTe, long pulse shaping times in excess of 2 usec are
required for full efficiency.
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1. Intr ion

The potential of cadmium telluride as nuclear detectors was recognized more than 25 years
ago.! The high atomic number and the large density promised to revolutionize the development of

X- and y-ray detectors. The fabrication? of good spectroscopic detectors, however, turned out to
be more difficult than expected. After a rapid initial progress, the improvements slowed down,
limited by the complex problems of growing crystals with the required perfection. Whereas the
intense research invested in germanium and silicon paid off with large detectors of high quality
and superb performance, most of the interest in compound semiconductor research vanished. The
study of CdTe and other room temperature detectors was restricted to a few specialized
laboratories. With the continued effort, however, the quality of the detectors reached a stage
where applications are realistic, and in many cases these semiconductors offer advantages over
scintillators.

CdTe is a compound material exhibiting semiconducting behavior. Together with Hgl, and the
more recent Cd“_x)anTe, or CZT, it remains the only material sufficiently advanced in its
development to be considered for practical detector applications. A survey of the list of all

possible materials® reveals that no other material promises to be significantly better suited to
justify the enormous research effort required for its development into nuclear detectors. Hal,

shows several severe drawbacks for many applications, and CZT was strongly affected by hole
trapping at least until the recent availability of high purity starting materials. The properties
of standard CdTe detectors, on the other hand, appear well adapted for X-ray detection up to about
200 keV.

The quality of CdTe detectors is intimately linked to the perfection of their crystal lattice.
Impurities and lattice defects, like interstitials and vacancies, introduce trapping centers for
the charge carriers and degrade the detection properties of the crystal. The physical problems
are far more complex in compound semiconductors than in germanium or silicon. Research
continues to identify the nature and the effect of these carrier traps in order to devise techniques
to reduce their influence. Eventually this will result in even better and, most likely, larger
detectors.

CdTe detectors are commercially available with good quality. The volume of the available
crystals of spectrometer grade is limited to a fraction of a cubic centimeter, but the properties
of the material, including high Z, high density, and 'room temperature' operation, make the
available standard detectors a valuable alternative.

For most of the tests described in this report, standard detectors* were used. The area of the
detectors was limited to 5x5 mm?2. The thickness was 2 mm, corresponding to the maximum
thickness of CdTe spectroscopy detectors currently available.5: 6
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2. Detector Properties

Cadmium Telluride is a compound semiconductor’ significantly different from the better
known germanium detectors. The main properties of CdTe are listed in the following table. The
most obvious difference is the large band gap of 1.47 eV, enabling the operation of nuclear
detectors at room temperatures. The operating temperature directly influences the leakage
current and thus the energy resolution.

Properties of CdTe

Atomic Number 48,52

Density 6.06 g/cm3

Bandgap 1.47 eV

Average Energy per Pair 4.43 eV

L Electrons 1050 cm?2/Vs

Mobilities Holes 80 cm2/Vs

Typical Electrical Field 500 V/cm
< Product Electrons 2*10_‘2 cm?2/v

s Holes 4%10" cm?2/v

Max. Detector Thickness 2 mm

Crystal Structure Zincblende

Saturation Carrier Speed 107 cm/s

Fano Factor (theor.) .04

2.1 lLeakage Current

In an ideal semiconductor detector no charges would be in the conduction band unless they
have been liberated by an interaction of an ionizing particle. This means, no current would flow
in the device with the bias voltage applied except for the signals from ionizing events. At
extremely low temperature the current in a semiconductor is indeed negligible. At elevated
temperatures, however, electrons can pick up sufficient energy to cross the band gap. The
resulting current, the so called leakage current, grows with increasing temperature and bias
voltage. CdTe detectors show an appreciable leakage current of order 10 nA at room temperature
and at an electrical field strength of 1 kV/cm. This current increases the noise, and thus reduces
the energy resolution of the detector.

The leakage current was measured for a sample of eight CdTe detectors. When the bias voitage
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is initially applied, the current sets in with a high value, and then decreases within 20 to 30
minutes to its final value. The effect is caused by charge carrier traps which are slowly depleted
under the influence of the electrical field. The final leakage current corresponds to an
equilibrium state, where as many traps are filled as others are opened. This equilibrium value
depends on both the ambient temperature and on the applied bias voltage. The behavior of the
leakage current in the eight detectors during the first 60 minutes is shown in fig. 1. Once the
equilibrium value is reached, the response to any variations in the applied voltage follows with
the same time constant. The overall change in leakage current with time is less than 50 %. The
influence of this time dependent effect on the measurement should be minimal, since normally a
few minutes pass between biasing the detector and data taking.

CdTe detectors are cut from large ingots, mostly Cl-doped n-type material. The current flow
is inhibited by blocking contacts formed on either side of the crystal. Both contacts are made in
the same way, resulting in a basically symmetric detector. A CdTe detector is the direct solid
state equivalent of an ionization chamber. In a real detector, however, the currents measured in
the two polarities are not exactly equal. This asymmetry is caused by differences in surface
preparation. The best polarity of the bias voltage is determined experimentally by the
manufacturer choosing the lower of the two leakage currents.

For the eight detectors the reverse current was measured in an attempt to find a correlation
with the overall performance. Five of the eight detectors showed current values comparable
within a factor 2 in both polarities, demonstrating that the detectors are indeed nearly
symmetric. In two of the detectors, however, the reverse current was several hundred nA at low
bias voltages. The reverse current in the last detector was about a factor 5 higher. No systematic
difference in the performance of these detectors to the others could be established. There was
also no correlation between the leakage currents in the two polarities.

2.2 Bijas Voltage

The bias voltage, and thus the electric field strength, determines the operating point of the
semiconductor. It can be chosen in a wide range. A low voltage is desirable to reduce the leakage
current for a good energy resolution. High field strength are, however, required to increase the
speed of the charge carriers, and to guarantee complete charge collection in the entire volume of
the detector.

For 2 mm thick detectors the maximum bias voltage is normally specified as 100 to 150 V.
The highest voltage which still warrants a safe operation for a specific crystal can be determined
by measuring the leakage current versus the applied field. Figure 2 shows this dependence for
one of the detectors. The current rises linear with the voltage up to a value of 260 V. Afterwards
the curve rises steeper and is non-linear. The detectors can be safely operated in the linear
region. The increase in bias voltage by more than 50 % above the specification translates

directly into a higher rate capability due to the increased speed of the charge carriers.
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3. Detector Performance

To evaluate the detector performance eight 5 x 5 x 2 mm® detectors were used. The crystals
are glued in a Lucite ring according to fig. 3. This construction sufficiently protects the detectors
while minimizing the amount of material which absorbs X-rays in front of the active volume.
Exposure to light enhances the noise in the detectors, and experiments have to be performed in a
light tight enclosure.

The rate capability is determined with an 241Am and a 57Co source at a variable distances
from the CdTe crystal. The signals from the detector are recorded in a Multi Channel Analyzer to
monitor the spectrum. While moving the source closer to the detector the observed rate

increases. Figure 4 shows the spectra for the 24'Am source at different distances, and fig. 5 is

the equivalent result for >7Co. In the 57Co spectra an additional peak at 60 keV is generated by
tungsten X-rays from shielding material within the source container. The eight spectra of each
test correspond to different spacings between source and detector, consecutively decreasing.

The observed spectra retain their shape up to very high rates. Then, the probability of two
interaction within the shaping time of the amplifier increases, and a tail above the source energy

starts to build up. The 24'Am source was sufficiently strong to completely deform the shape of
the spectrum at the shortest distance. Up to very high count rates the resolution does not suffer.
An indication for the energy resolution is the separation of the 122 keV line and the small 136

keV contribution from 57Co in fig. 5.

The rate increases up to a maximum of 78 kHz. Bringing the source even closer, and thus
increasing the true rate in the detector further, causes the number of correctly identified
photons to decrease, as expected for a paralysable detector. Each pulse paralyses the detector for
the time © in which the charge carriers drift to the electrodes. An additional photon interacting
during this interval can not be separated from the original event and contributes to the total
energy measurement. The dead time is mainly determined by the speed of the holes, since they
are more than a factor 10 slower than electrons.

The detector used in these tests was a 6x6x2 mm? crystal. It was integrated in a system with

its amplifier and the power supply. The system was optimized by the manufacturer for the best
resolution, and could only be operated up to a bias voltage of 70 V.

The detectors used for the other studies did not have this instrumental limitation. The bias
voltage could be safely increased to 250 V. The velocity of the charge carriers in CdTe is linear
to the electric field in all the practically accessible range of operation. The velocity follows the
relation:
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E . electric field strength
(1) v=pE v : velocity of charge carriers

po: mobility  Reeeton ¢ 1100 cm?/Vsec
Hhole - 80 cm2/Vsec

This relation is displayed in fig. 6 for the electrons and the holes, separately. As a comparison,
~ the corresponding velocities for germanium at 77 K are also shown, with a saturation appearing
already at low fields. Increasing the bias voltage for a 2 mm thick detector from 70 V to 210 V
increases the speed of the carriers by a factor 3 and directly increases the rate capability.

Ener R lution and Efficien

All detectors used for the present studies belong in the class of so called “Grade A
Spectrometers”, thus they are the best standard quality commercially available. They are
preselected by the manufacturer for a good energy resolution, namely 5 - 8 keV FWHM for the

122 keV 57Co line. A large spread in the resolution of individual detectors can not be expected.
The energy resolution obtained in a specific set up, however, may be worsened by many other
parameters.

These parameters include the capacitance of the detector as seen by the amplifier, but,

foremost, the noise generated by the leakage current. Figure 7a shows the eight 7Co spectra
with different bias voltages at room temperature. AS can be seen from the separation of the 122
and 136 keV lines the resolution deteriorates with increasing voltage. The influence of the noise
can be reduced by filtering the signals and discriminating against the frequencies governing the
noise contribution. This is achieved by shortening the shaping time constant of the amplifier.
Reducing the shaping constant from the 1 psec (fig. 7a) to 0.5 usec reduces the contribution
from noise (fig. 7b). This can be best observed at the highest bias voltages. For 0.25 jisec (fig.
7c) the 122 keV and the 136 keV lines remain well separated even at 250 V. With this shaping
constant the resolution does not change with increasing voltage.

The decrease in shaping time also decreases the period in which drifting charges in the
detector contribute to the measured signal amplitude. If the shaping time is much less than the
transit time of the charge carriers, particularly the holes with their low mobility, events
occurring close to the negative contact will be preferably selected. For events with long drift
paths the charge collection is still in progress while a pulse height is already recorded. This
effect, known as ballistic deficit, is more pronounced in CdTe than in germanium detectors
because of the much smaller carrier mobilities. Additionally, the mobilities for electron and
holes are substantially different. That means, even for short time constants the electrons will be
entirely collected, whereas only holes generated close to the negative contact will be able to fully
contribute to the registered pulse height.

The effect of the different mobilities and, consequently, collection times for the two sorts of
carriers is demonstrated in fig. 8, 9, and 10. Figure 8 shows temporal development of the
integrated charge measured for y-ray interactions at varying depth in the detector for a bias
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voltage of 50 V. The first pulse shape stems from an event which occurred very close to the
cathode. The slow holes have no distance to travel. The electrons drift the full 2 mm and
determine the rise time. For the further plots of fig. 8 the events take place progressively
further away from the cathode. A clear break in the leading edge of the pulse can be observed
when all electrons reached the anode and only holes are still drifting with their reduced velocity.
In the last plot of fig. 8, finally, the y-ray interacts near the anode, and the rise time of the
observed pulse is equal to the transit time of the holes. Figure 9 and 10 show a similar sequence
for 100 V and 200 V bias voltage, respectively. The increase in carrier velocities, both electron
and holes, reduces the average rise time of the pulses, but the two component structure of the
pulses and the spread in the rise time is still present.

It is interesting to observe nearly straight rises for both the electron and the hole component
in fig. 9 and 10. This means that all the carrier travel the full distance to the electrode. At 50 V
the pulses induced by holes show a distinct rounding. During the long time of travel holes are
trapped with an appreciable probability. Once trapped these holes do no more contribute to the
rise in pulse height.

Since the holes are more than ten times slower, their transit time will govern the maximum
charge collection time according to:

t, : maximum transit time
(2) th= d/(u," E) d : detector thickness

Hy @ 80 cm?/Vsec
E : Electric field strength

The longest rise time t., corresponds to 10 psec for 50 V and to about 2.5 psec for 200 V

applied to the 2 mm detector. In the absence of noise, shaping constants much longer than these
values would be desirable. They would guarantee complete charge collection and, therefore, the
best possible resolution with full efficiency. ‘

In practical measurements much shorter shaping time constants are often preferred. Shorter
time constants provide a better noise filtering. If the time constant is below the maximum drift
time, however, events with extended hole drift occurring close to the anode are wrongly
measured with to low a signal. In the measured spectra these events are shifted away from the
peak area and appear as background at lower energies. At low bias voltages these events with long
drift time are also affected by hole trapping reducing the measured energy even further.
Removing these events and placing them in the background at lower energies seems to improve
the resolution of the detector. This practice, however, significantly reduces the efficiency of the
detector. For low source energies this drop in detection efficiency is difficult to observe since
most photons interact shortly after they entered the dense material of the detector. Deliberately
the arrangement of the detector is chosen such that the radiation enters via the cathode. With the
reduced average depth of photon interactions, the signals are shorter due to a reduced probability
of long drift paths for holes. Choosing a thinner detector would provide the same resolution and
efficiency.

In order to determine the relative efficiency of the detector the number of events under a
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Gaussians are plotted in fig 11 versus the applied bias voltage. The observed rate with a shaping
time of 1 usec continues to rise, and only starts to enter a plateau at about 200 V. The 0.5 usec
and the 0.25 psec data do not saturate up to the highest voltage of 250 V. At constant voltage the
number of events detected with 0.5 and 0.25 psec is lower than the 1 usec data because of the
reduced efficiency.

3.3 Long Time Stability

Early CdTe detectors were plagued by polarization effects’, i.e. a decrease of the efficiency
and a reduction in pulse height after long periods of operation. The time constant for the
polarization were normally several hours. The efficiency and the pulse height returned to their
initial values after the detector was turned off for a short period. Special treatments of the CdTe
crystals were developed to counteract this effect. In more recent publications polarization

effects were only reported under extreme conditions®, e.g., under intense irradiation with rates
of more than 1 MHz. These studies indicated a diminishing effect at high bias voltages and
elevated temperature.

Contrary to expectation, some of the detectors showed a slight increase of the efficiency
during a ten hour period at low bias voltages. This behavior is opposite to standard polarization
effects. The amplitude of the signals, however, seemed unaffected.

In order to investigate the effect further, measurements with a batch of eight detectors were
performed at a bias voltage of 80 V. The count rates in an energy window from 150 keV to 250
keV were automatically recorded every 5 minutes. The count rates for four of the detectors
remained constant over more than 10 hours. The rate in the other four detectors did change
during this period by a few percent. The development of the rates in all eight detectors is shown
in fig. 12. Whereas detector 1 to 4 show only statistical fluctuations, the rates for detector 5 to
8 slowly rise. The increase is strongest for detector 8 with about 2.5 %. The leakage current
was constant for all eight detectors in this time period, thus the increase in count rate is
uncorrelated. Also, no correlation of this effect with any other detector parameter could be
established. The voltage was then raised to 240V for fig. 13. The initial rise in count rate is no
more discernible

The detectors can be classified into two groups, detector 1 to 4 with no change in count rate,
and detector 5 to 8 showing an increase at low bias voltages. Incidentally, the two groups of
detectors were manufactured at different times and belong to different batches. According to the
manufacturer slight difference in the forming of the contacts can be responsible for this
behavior. Since all detectors are extensively tested for long time before shipment, the detectors
can be easily screened for this effect.
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Contrary to Hgl,, cadmium telluride does not undergo an irreversible phase change below its
melting point. The maximum temperature of CdTe detectors is therefore high, limited by the

onset of migration of the chlorine dopant. Safe limits for the highest operating temperature ' ©
with bias voltage applied are specified as 120°C. In practical applications the performance of the
detector, especially the energy resolution, will deteriorate and become unacceptable below this
temperature. Sample CdTe detectors were repeatedly tested for extended time periods up to
100°C. The high temperature operation did not affect their performance, and no degradation of
the detectors was observed.

The most obvious change at elevated temperatures is the increase of the leakage current. The
current rises exponentially with the temperature as can be seen in fig. 14. At 100°C the current
is about 10 pA, or nearly 1000 times the value at room temperature. Such a high current
causes a severe noise which totally overshadows events at low energies.

Due to- the large current the voltage drop across the bias resistor is no more negligible. Since
the supply voltage could not be raised to compensate for this drop, the bias resistor had to be
decreased from 100 MQ to 10 MQ.

While the detector was heated °’Co spectra were recorded. Figure 15 shows the spectra for
the range from room temperature to 101°C. The bias voltage was 200 V, and the shaping
constant was 0.25 psec. At 24° C the two lines at 122 keV and 136 keV can be clearly separated.
Going to higher temperatures the separation of the two lines progressively worsens. At 77°C the
136 keV line is no more discernible. The width of the peak depends on the leakage current, and
thus on the applied bias voltage. Figure 16 shows the development of the spectrum at constant
temperature of 101°C with bias voltages ranging from 66 V to 242 V. The tungsten peak at about
60 keV from the source shield was not suppressed during these measurements. The spectra are
cut off at a slowly increasing threshold. Below this threshold the noise dominates the signals.The
cut-off energies range from 40 keV at low voltages to 70 keV at 240 V.

The energy resolution for the 122 keV is shown in fig. 17 in dependence of the operating
temperature. The three curves correspond to three different bias voltages. At room temperature
the resolution is slightly worse than measured earlier due to the smaller bias resistor. At high
temperatures the increased current is the main source for the additional noise. At the highest
temperature of 101°C the energy resolution is about 35 keV for a bias voltage of 250 V. Lower
voltages reduce the current and in turn improve the resolution.

For these high temperature tests the signals were shaped with a time constant of 0.25 usec.
This reduced the noise caused by the high leakage current. As discussed earlier a 2 mm thick
detector is not totally efficient even at bias voltages of 250 V, but longer constants diminish the
noise filtering as can be seen in fig. 18 and 19. The spectra in fig. 18 were recorded with 0.5
usec, and 1.0 usec was used for fig. 19. The bias voltage was 200 V. These data compare directly
with the spectra acquired with 0.25 psec in fig. 15. All data were recorded at a detector
temperature of 92°C. The increase from 0.5 psec to 1.0 usec at 200 V worsens the shape. Not
only is the peak much wider, but also the noise level is increased.

10
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4. nclusion

Cadmium telluride detectors are efficient X- and y-ray detectors for room temperature

operation. Their best energy resolution is 4 - 5 keV FWHM for the 122 keV 57Co line. This
resolution is not as good as germanium detectors, but better than scintillators which are
normally used to avoid the cryogenic cooling of the detector. Standard detectors are commercially

available up to 10 x 10 mm? area and a thickness of 2 mm.

Full efficiency of the CdTe material can be reached by biasing the detectors higher than
normally advertised. A 2 mm thick detector biased with 200 V delivers signals with 2 usec rise
time, well within the range of standard shaping amplifiers. The choice of bias voltage and shaping
constant, however, depends on the specific application. Lower voltages or shorter time constants
improve the resolution due to reduced noise or better noise filtering. An reduced efficiency and
lower rate capability, however, are the price for this improvements of the spectra.

In earlier literature polarization effects were reported, i.e., the pulse height and thus the
detected count rate diminishes with time. Changes in manufacturing of the detectors were
successful in suppressing this effect. Polarization is no more observed with newer detector
models. '

The most attractive feature of CdTe detectors in the laboratory is the room temperature
operation. Outside the laboratory, however, the detectors may be used at substantially higher or
lower temperatures. In a first study the high temperature behavior was investigated. The
detector can be operated at elevated temperatures. With increasing temperature the leakage
current increases, and the added noise reduces the energy resolution of the detector. CdTe
detectors were operated up to 101° C. At this value the energy resolution was reduced to 35 keV

FWHM for the 122 keV 57 Co line. This might be tolerable for some applications.

Going to lower temperatures it is known that the energy resolution of CdTe detectors is
improved. A minimal value for the resolution is expected at -10° to -20° C. A further series of
tests is planned to verify this expectations. Especially for space applications the temperature

range from Dry Ice to room temperature is very interesting. Recent publications' ' report very
good results of CdTe detectors coupled to miniature Peltier coolers.

11
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Figure Captions

10.

11.

12.

Development of the leakage current during the first 60 minutes after biasing for the eight
detectors.

Dependence of the leakage current on the bias voltage for one detector at room
temperature. The current first rises linearly up to 260 V and them rises faster.

View of the 5 x 5 x 2 mm?® detector mounted in a Lucite ring.

Spectra of 24TAm from a 6x6x2 mm? detector, operated at 70 V. The different spectra
correspond to different source detector spacings, and thus different rates. The rate in the
full spectrum is indicated.

Spectra of 57Co from a 6x6x2 mmd detector operated at 70 V. The different spectra
correspond to different source detector spacings, and thus different rates. The rate in the
full spectrum is indicated. The peak at 60 keV is caused by tungsten shielding in the source.

Drift velocity of the electrons and holes in CdTe versus applied field strength. For
comparison, the velocities for electrons and holes in germanium at 77 K are also shown.

Energy resolution for a 2 mm thick CdTe detector versus applied bias voltage for 3
different values of the shaping time constant ¢ of the main amplifier

a 1= 1usec
b. t= 0.5usec
c. 1= 0.25 psec

Observed pulse shapes for y-ray interactions at different depths in the 2 mm thick
detector with a bias voltage of 50 V. The pulse is the integrated charge at the cathode of the
detector. The first plot shows an interaction very close to the cathode. The location than is
progressively deeper in the detector for the other plots. The pulse height is in arbitrary
units. )

Pulse shapes for y-ray interactions at different depths in the 2 mm thick detector with a
bias voltage of 100 V. These pulses are the equivalent to fig. 8, but at higher bias voltage.

Pulse shapes for y-ray interactions at different depths in the 2 mm thick detector with a
bias voltage of 200 V. These pulses are the equivalent to fig. 8, but at higher bias voltage.

Number of events falling under a Gaussian fit to the spectra of the 122 keV Co line in
dependence of the bias voltage. The accumulation time for the spectra was constant, thus the
number of events represents the relative efficiency of the detector. The data points
correspond to the 3 different shaping time constants.

Development of the count rate in the 8 detectors with a bias voltage of 80 V during the

13
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13.

14.

15.

16.

17.

18.

19.

first 11 hours after turn on. The count rate was measured for y-rays in the energy range
from 150 to 250 keV. Note the expanded scale ranging from 7 to 9 in arbitrary rate units to
graphically enhance the effect of the rising count rate in some of the detectors!

Development of the count rate in the 8 detectors with a bias voltage of 240 V. during the

first 11 hours after turn on. The count rate was measured for y-rays in the energy range
from 150 to 250 keV.

Leakage current versus temperature for a 5x5x2 mm3 detector at 260 V bias voltage.

Spectra of 27Co for 6 different temperatures between 24° and 101° C with a bias voltage
of 200 V.

Spectra at 101° C for bias voltages ranging from 66 V to 242 V.
Energy resolution for the 122 keV 37Co line versus temperature of the CdTe detector.

57Co spectra for 200 V and 100 V bias voltage for three different shaping time constants,
0.25 psec, 0.5 psec, and 1 usec.

57Co spectra with 200 V bias voltage and 0.5 psec shaping constant for six different
temperatures between 24°C and 101°C.
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